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ABSTRACT
The development of the quality of gasoline and diesel fuel has never been static.
It is no longer newsworthy to say that the world of energy and chemical technology is 
changing fast. However, these changes are so fast that changes in related technology 
have to advance at the same speed.
Consequently it has been a challenging time for analytical chemists in different types 
of laboratories involved in the analysis of automotive fuel, such as in the analysis of 
oxygenates in gasoline, to keep up with all the developments.
Since gasoline testing is moving into the stage which requires more advanced 
technology, laboratories need to be equipped to utilise a range of different techniques 
in order to suit the peculiarities of the different nature of the samples.
During the last few years, the volume of gasoline testing by different bodies such as 
the independent petroleum laboratories has increased. In practice, laboratories are 
under considerable pressure to implement the designated analytical regulatory 
methods, and to constantly improve analytical quality. To help resolve these issues, 
laboratories sometimes turn to instrument vendors for advice on methodological 
advances in this type of work. The author has been involved directly with the 
challenges of this work and has experienced the practical limitations of current 
methods. Therefore the author has aimed to evaluate various analytical approaches in 
the study of the characterisation of fuel blending additives and, in particular, 
oxygenates.
This work starts out with an introduction about the development of automobile fuel 
technology and the use of anti - knock additives throughout the period from the early 
days to the present. Thereafter further chapters review the current methods applied 
for the characterisation of these type of fuel additives in gasoline, in particular high 
performance fuels as used in the motor racing industry. The main aim of this work is 
to evaluate the strengths and limitations of these methods.
The thesis then includes a detailed discussion of different analytical approaches 
encompassing initially micro-elemental analysis for the direct determination of 
oxygen content. Then follows the most popular method, gas chromatography, which 
continues to be the key instrumental technique for the measurement of the main 
parameters of gasoline. Thereafter follows a study of the GC-MS technique. The next 
chapter discusses the combustion technique using a Laminar burner to investigate the 
effect of oxygenates on the reduction of the sooting tendency in diesel. The final
method under discussion is the estimation of oxygenates using Nuclear Magnetic 
Resonance Spectroscopy. Each of the above methods has been used on similar types 
of samples in different categories. Thus the results may be compared and interpreted 
using the relevant tables, and correlated against each other. The final part of this work 
has therefore concentrated on the conclusion of the comparative advantages of each 
method and its reliability.
The main samples used throughout this research work have been actual commercial 
conventional gasolines and specialised fuels. These have been evaluated against a set 
of reference standards.
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1.1 BACKGROUND HISTORY
Since the discovery o f crude petroleum in commercial quantities over a century ago, 
the production of hydrocarbon-type fuels has displayed a dynamic growth rate in the 
global energy market. 1
From the time that the first horse-less carriages appeared on the road at the end of the 
19th century, fuels and vehicles have evolved together. In the beginning, the only fuels 
were the lighter fractions from the distillation of crude oils and shale oils, with the 
boiling range between 50-200° C, much the same as today's gasoline, but with a much 
poorer octane value. Therefore the vehicles had to have low compression ratios in 
order to help them run without pre-ignition (knock), which causes severe damage to 
engines and which restricted the power output obtained.
The First World War changed both the demand and the quality requirement for both 
fuel and engine. The relatively high power-weight ratio of the internal combustion 
engine was quickly appreciated in terms of its potential for warfare, particularly in 
aeroplanes, after the first manned flight was made in 1903. However, the restriction of 
having to use low compression ratios (4:1) had become very apparent and the only 
way of achieving improved fuel quality at that time was to use crude oils rich in 
aromatics rather than the more paraffinic crude . 2
The importance of the composition o f gasoline relative to its performance became 
very clear by the end of the war when it became desirable to improve mechanical 
efficiency by increasing the compression ratio.
Work then started both in the U.S. at the General Motors Research Laboratory and in 
Great Britain by Ricardo to establish the factors that prevented fuels from burning 
smoothly without detonating in an engine. Ricardo soon established that hydrocarbons 
with most resistance to knock were aromatics and that those with least resistance were 
the normal paraffins. The use of unrefined benzole (a mixture of benzene, toluene and 
xylenes produced by the distillation of coal tar) in motor spirit was found to greatly 
improve performance at higher compression ratios. The benefit of alcohols as fuel 
components that would prevent detonation was also first discovered at that time.
In the U.S., in parallel work with Ricardo, an additional device for detecting 
detonation was developed, which was ultimately adopted internationally as the 
standard for measuring the anti-knock quality of fuel. This was called the CFR engine 
after the Co-operative Fuel Research Committee formed in 1921.
2
One of the findings of using this engine was that branch chain paraffins, unlike 
straight chain paraffins, had excellent resistance to knock 2  Unfortunately, branched 
chain alkanes are relatively rare in nature. A small amount of branched chain 
compounds occur in crude oil, yielding the octane number of straight run gasoline in 
the range 30-703, and this became an encouragement for a wide scale systematic 
investigation into chemical additives that would suppress knock 2  
Thousands of compounds were screened and at the end of 1921, tetraethyl lead (TEL) 
was found to have the greatest effectiveness with the best potential for commercial 
development. Problems concerning lead-oxide deposits in the combustion chamber 
were overcome by also adding with the lead compound some ethyl halide, which acts 
as a scavenger by volatilising the lead in the combustion chamber.
As discussed earlier, the use of oxygenates in motor fuel and the knowledge of their 
capability to raise the octane number goes back to the 1920's. Since the octane 
number in those days was relatively low (i.e. 60-70 RON) (RON equals Research 
Octane Number)the octane boost by oxygenates would have significantly enhanced 
performance.
With improvements in refinery practice and the start of using lead additives since the 
late 1920's the interest in oxygenates as motor fuel supplements began to wane until 
the oil crisis of the 1970's when the Arab/Israeli war occurred and the Arab nations 
nationalised their oil reserves. These were the first of a series of Middle East oil crises 
that drastically increased the price of crude oil and led to an emphasis on fuel 
economy and to enormous change in both the refining and the automotive industries. 
At this time oxygenates were regarded, not so much as a means of octane boosting, 
but more as a way of stretching restricted petrol supplies. Following on from the oil 
crisis, the growing pressure to reduce or eliminate lead additives, required a shift to 
increased gasoline processing, such as alkylation, isomerisation and, specifically, the 
use of oxygenates such as alcohols and ethers. The changes in chemical composition 
of the resulting gasolines had an influence on the performance of the gasolines.
The crude oil price also has a great influence on the economics of oxygenates. In a 
low crude oil price environment, oxygenates tend to be less attractive to the fuel 
blenders but this is only one factor and the importance of octane boosting can 
outweigh the cost.
The pressure on fuel economy relaxed somewhat in the late 1980's and early 1990's
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since oil prices had stabilised to some extent by then, apart from the period of the Gulf 
W ar 2
By 1989, because air quality, particularly in California was still unsatisfactory, in 
spite of very severe legislation to restrict noxious emissions from vehicles, a "new " 
type of gasoline was marketed by one oil company-Atlantic Richfield. It was called 
Reformulated Gasoline and was marketed on the basis that it helped reduce emissions 
from vehicles, particularly older vehicles not fitted with an emission control device. 
The long-term future for gasoline, as we know it, is uncertain because o f the finite 
nature of crude reserves and because of the continuing pressures to improve the 
environment. One factor that should be pointed out is the impact that developing 
countries will have on crude reserves. In 1991, the number of cars per thousand of the 
population was 588 in the U.S.; between about 300 and 500 in most European 
countries and 300 in Japan, but India it was only 2.8 and in China 1.5. Even a modest 
increase in the developing countries will have a large impact on the demand for crude
011.2
Clearly lead will eventually disappear completely in every country when the 
percentage of vehicles needing this type of fuel drops to a low enough level. Of all the 
alternative fuels, the use of oxygenated gasoline show the most promise. But long 
term availability of any one fuel will be a very welcome factor, with the market 
adjusting itself accordingly to attempt to use the remaining standard, and emerging, 
alternative fuels in the most rational manner. 4
In order to have better understanding of the performance of motor gasoline, it is 
necessary to understand the underlying requirements of fuel and the factors affecting 
fuel behaviour. These reasons are intrinsic within the basic chemistry and physics of 
the engine-fuel performance partnership. This chapter aims at presenting the main 
factors involved, particularly at the molecular level and the configurations of the 
various groups of hydrocarbon molecule, illustrating the structural bonding involved, 
and to demonstrate the influence of these configurations on fuel properties and 
reactions.
1.2 COMPONENT OF GASOLINE
Analysis of crude oils from around the world shows that the elemental composition 
varies over a narrow range: 82-87% carbon, 12-15% hydrogen, the balance being
4
oxygen, nitrogen and sulphur. However, if these same samples are analysed to 
determine the specific compounds present, any particular sample will be found to 
contain hundreds to thousands of individual compounds. In other words, on an 
elemental basis most crude oils have about the same composition, but on a molecular 
basis no two samples are exactly alike. The reason for this seeming contradiction is 
that most components of petroleum belong to homologous series of compounds for 
which the composition, expressed on a weight percent basis, actually varies very little 
even over a long range of the series. For example, considering pentane, C5 H 1 2 , and 
pentadecane, C 1 5 H3 2 . The composition of pentane is 83.3%C and 16.7%H; that of 
pentadecane is 84.9%C and 15.1% H. A list of all of the possible isomers of all the 
alkanes between pentane and pentadecane would amount to several thousand 
compounds, yet across this range the elemental composition on a weight basis 
changes by less than two percentage units.1
Hydrocarbon molecules can be segregated into distinct 1 families' having certain 
overall characteristics in common yet retaining their individual properties. The most 
common family are the alkanes, all with the general formula CnH 2 n + 2  , but each 
member differing from each other. The subscript "n" indicates the number of carbon 
atoms in the molecule, and is described as the "carbon number" of the particular 
molecule.2
The name ' functional group ' is given to a hydrocarbon radical or some other 
collection of atoms that determines the main characteristics of the particular 
homologous series, as demonstrated in Table 1.1. 2
The components of petroleum fall into four classes of compounds: the alkanes, the 
cycloalkanes, aromatic compounds, and compounds containing the heteroatoms 
oxygen, nitrogen, or sulphur. In the informal nomenclature of petroleum technology, 
the alkanes are called "paraffins" and the cycloalkanes are called "naphthenes" . The 
compounds containing heteroatoms are collectively known as the NSO's, the name 
deriving from the symbols of the three principal heteroatomic elements.1 
The main homologous hydrocarbon series are classified in Table 1.2, and examined in 
the following section.
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TABLE 1.1 CHARACTERISTIC FUNCTIONAL GROUP IN 
HYDROCARBON
FUNCTIONAL GROUP
DERIVATIVE TYPICAL MEMBER
*
Oxyl - 0 -
Hydroxyl ~0H
-C-
( II
Carbonyl ) 0
V -C-H
II
O
Carboxyl
-C -O H
II
O
Ether
Alcohol
Ketone
Aldehyde
Carboxylic acid
Methyl ether, H3C - O - CH3
Ethanol, H5C2 - OH
Methylethyl ketone, H3C - CO - 
C2H5
Acetaldehyde, H3C - COH 
Acetic acid, H3C - COOH
1.2.1 ALKANES (paraffins) CnH2n+2
Being saturated with hydrogen and, hence, structured with single sigma C-C bonds 
only, these open chain hydrocarbon molecules are stable, even during long term 
storage and under the action of moderate heat. Their relatively high content of 
hydrogen suggests a slightly higher combustion energy release on a fuel mass basis. 
The first member, methane, is the lightest of all the hydrocarbon materials and, since 
it comprises the major component o f all the numerous natural gases world wide, is 
often loosely referred to as ' natural gas' (NG) and when liquefied, as 1 liquefied 
natural gas' (LNG).3
The remaining members o f alkanes can be built up progressively from the initial 
methane structure either by subtracting an end hydrogen atom with methyl radical
6
CH3’ or by introducing a methylene radical, CH2*, into the main chain. Table 1.3 
demonstrates the summary o f carbon skeletons of the main light hydrocarbon series. 
This gives progressively the compounds ethane C2 H 6 , propane C3 Hs, butane 
C4 H 1 0 , and so on . 3  Among the n-alkanes, compounds of less than five carbon atoms 
are gases at ordinary temperatures and pressures. The largest compound which is 
liquid at room temperature is heptadecane, C 1 7 H3 6  with a melting point of 22°C. The 
next n-alkane , octadecane, has a melting point of 28°C. Octadecane and larger 
alkanes can exist in solution in the liquid crude oil. The largest alkane ever to be 
reported in crude oil is C7 8 H 1 5 8 . 1
TABLE 1*2 THE MAIN HOMOLOGOUS HYDROCARBON SERIES
Overall
Alphatic
or
Acyclic
SERIES NUMBER
Organic
Chemistry
Alkanes
Alkenes
Alkynes
Fuel
-Technology
Paraffins
Olefins
Acetylenes
Description
Open-chain saturated 
(C -C )
Open-chain unsaturated 
(C = C)
Open chain unsaturated 
(feC)
General
Molecular
Formula
CnIW2
CjjHjn
CnH2n-2
c
a
r
b
0 
c
y
c
1 
i 
c
Alicyclic
Cycloalkanes 
or Cyclanes
Naphthenes
Cyclo-paraffins
Closed-chain saturated
A D O O e t c
( c h 2)„
Benzenoid
Closed-cliain resonance 
Monocyclic
0
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TABLE: 1.3 CARBON SKELETON OF THE MAIN LIGHT 
HYDROCARBON SERIES
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In alkanes all the bonds are single sigma bonds and these are able to rotate, to achieve 
their greatest stability (lowest energy conformation). Therefore these hydrocarbons 
are chemically unreactive, hence the earlier name ' paraffin' from the Latin parum 
affinitas meaning slightly affinity.3
In addition to the normal alkanes, branched chain alkanes also occur in petroleum. In 
nature these compounds arise from the cracking of terpenes. The cracking of a 
terpene molecule can give rise to a radical containing a branched structure
CH3
CH3-CH-CH2-CH2 c
* which can undergo a recombination reaction with a straight chain radical
CH3
CH3-CH-CH2-CH2 .  + .  CH2-CH2-CH3
c h 3
c h 3-c h -c h 2-c h 2-c h 2-c h 2-c h 3
or with another branched chain radical. The original branched chain radical can also 
undergo other radical reactions. The result of these cracking and recombination 
reactions is the formation of a variety of branched chain alkanes, some having a single 
branch and others multiply branched.1
As a rule the branched chain alkanes are more volatile than the straight chain 
compound of the same number of carbon atoms. For a series of isomers, it is generally 
true that the compound having the most highly branched structure is the most volatile. 
This difference in volatility arises from reduced London forces ( The intermolecular 
attractions arising from electron correlation are called London Forces) between 
branched chain molecules, because the surface area of a branched chain molecule is 
smaller than that of the corresponding straight chain compound
9
London force interactions are proportional to surface area. (If the comparison is 
restricted to compounds having the same number of carbon atoms, there is no 
difference in molecular mass and thus there are no effects of kinetic energy to be 
considered in the comparison). This relationship is illustrated in Table 1.4 for isomers 
of hexane.1
The combustion studies of typical gasoline components show that branched chain 
alkanes are less likely to 'knock' than straight chain alkanes.1
TABLE 1.4 EFFECT OF CHAIN BRANCHING ON VOLATILITY OF 
ISOMERS OF HEXANE
Compound Boiling point, °C
(760mmHg)
Hexane 69
2-Methylpentane 60
2,3 - Dimethylbutane 58
2,2 - Dimethylbutane 50
1.2.2 ALKENES (OLEFINS) C„H2n
The alkenes also comprise carbon skeletons of open-chain structure but are 
unsaturated, since they contain two fewer hydrogen atoms than their alkane 
counterparts. The alkene bond comprises both a sigma bond and a relatively weak pi 
( % ) bond ( la  + 1 n ). Although the strength of the double bond is greater than that
of a single bond, many chemical reactions do not require complete rupture of the link 
and involve only the weaker % bond. In some cases, the molecule may become a free 
radical which is capable of combining with similar radicals ( polymerisation ) to give 
a long - chain molecule. Such molecules when formed in liquid fuels can lead to 
undesirable solid deposits. Alkenes are not present in crude petroleum, which has had 
ample time since its formation in the earth for any such polymerisation reactions to 
occur, but can be promoted by energetic reactions during refining, the contaminants 
enduring for an appreciable time in the finished product. In order to avoid the 
formation of polymeric gums in fuel storage and metering systems, particularly in 
'hot' engines, the concentration of alkenes is limited for example to a maximum of 
5% by volume in aviation turbine fuels.3
1.2.3 CYCLOALKANES( NAPHTHANES) (CH2)n
The cycloalkanes are ring structures that contain only single carbon-carbon bonds.
The cyclohexane ring is non- planar and it exists in two modifications called the " 
boat" and the "chair", as shown below.
In comparison with alkanes, cycloalkanes are less volatile. For example, hexane boils 
at 69°C while cyclohexane boils at 81°. The reduced volatility of the cycloalkanes is 
due to greater London force interaction, since the cyclic structure presents a much 
larger effective surface area than the chain structure. In addition cycloalkanes are 
more dense: the density o f hexane is 0.66g/ml while that of cyclohexane is 0.78 g/ml. 
The density difference arises from a more efficient filling of a given volume by the 
cyclic structure, which tend to favour a single molecular conformation (e.g., the chair 
form of cyclohexane) compared to a relatively " floppy " chain molecule which can 
potentially adopt a variety of conformations in the liquid.1
1.2.4 ALKYNES (ACETYLENE) CnH2„-2
Molecules that contain carbon-carbon triple bonds are known as alkynes. The
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presence of two relatively weak % bonds indicates a high tendency to reaction, The 
first member of the series is ethylene, or acetylene. In comparison with ethane, as with 
ethene, the further absence of hydrogen represents a higher combustion temperature, 
hence the use of ethylene in oxy-gas welding. It also burns over a relatively wide 
range of air-fuel mixtures, at relatively high speed. Despite these combustion 
advantages, the tendency for acetylene to polymerise exothermically under pressure 
precludes direct storage. Acetylene is usually stored as a solution in the solvent 
acetone and such a system maintains weight, precluding its use as a fuel in transport 
system.3
1.2.5 AROMATICS
The principal aromatic components of crude oils are benzene, toluene, the isomers of 
xylene, ethylbenzene, and 1,3,5-trimethylbenzene. Aromatics are more dense than the 
corresponding cycloalkanes:0.88g/ml for benzene compared with 0.78g/ml for 
cyclohexane. The heats of combustion of aromatics are much lower than the 
cycloalkanes: 3273kj/mol for benzene vs. 3926 kj/mol for cyclohexane. Although 
benzene has a much lower H/C ratio than cyclohexane, the resonance stabilization 
energy of benzene plays a very significant role in reducing the heat of combustion of 
benzene relative to cyclohexane.1
The structure and properties of benzene are peculiar to the aromatics, and have led to 
considerable discussion. The formula is evident from the chemical composition and 
molar mass, but the types of product yielded by substitution show the six hydrogen 
atoms to be exactly equivalent to each other, indicating a ring structure . This points to 
a cyclohexatriene structure in order to satisfy the valency of carbon, however the 
behaviour of the molecule indicates that it is resonance stabilised.4 
Delocalisation of the 'p1 orbitals occurs to give rings of 7 1  clouds above and below the 
flat carbon ring of a  bonds, as in Figure: 1.1.
Further evidence for resonance in the benzene molecule is provided by the fact the 
ring structure is remarkably stable, and does not have the characteristics of the 
unsaturated carbon - carbon multiple bond.4
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H
u  0
\  ^  \  
c
c c
H
H
H 
I
C H
S  c
H
H
1.3 CHEMISTRY OF HYDROCARBON OXYGENATES
These compounds o f C,H and O are considered first since, in their initial form as 
carbohydrates, (CH20)x, they constitute biomaterial used either 
directly as fuel or as feedstock for preparing simpler oxygenated compounds 
or methane and, hence, the liquid fuels.4
As indicates in Table 1.5, The alcohols may be considered as derivatives of 
hydrocarbons in which a hydroxyl group, OH, replaces a hydrogen and is thus 
represented by the formula ROH, where R is the hydrocarbon component. This R 
group may be any open chain or cyclic radical, and may contain a double carbon- 
carbon bond, an aromatic ring or a halogen atom, but is commonly alkyl in which case 
the formula appears as CnH2n+iOH.4
The hydroxyl group is one of a number of functional groups, which are groups of 
atoms that give organic compounds bearing them characteristic chemical and physical 
properties. Alcohols may be classified as primarysecondary or tertiary, according to 
the number of alkyl radicals on the carbon atom holding the OH.5 
Alcohols associate through hydrogen bonding:
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R R R
o   H e o * 0   H e  • . 0   H
For this reason, the melting points and boiling points of the alcohols are higher than 
those of alkanes of corresponding molecular weight. Table 1.6 illustrates the physical 
properties of some alcohols.5
Physical properties of alcohols exhibit a gradation corresponding with their increase 
in molecular weight like other compounds belonging to homologous series. The lower 
alcohols are mobile liquids, dissolving readily in water, and possessing the 
characteristic alcoholic odour and burning taste.
As their carbon content increases, their solubility in water rapidly decreases. The 
normal alcohols, containing from one to sixteen carbon atoms, are liquid at ordinary 
temperature, whilst the higher members are crystalline solids, without odour or taste, 
resembling the fats. The boiling points of alcohols of similar structure increase 
gradually in proportion to the increase of their molecular weights, the rise being about 
20° for each CH2 increment. The primary alcohols have higher boiling points than the 
isomeric secondary, and the latter higher than the tertiary alcohols. Generally the 
boiling point is lowered by an accumulation of methyl groups.6 
Methyl alcohol, or methanol, commonly called wood alcohol, is very poisonous. Its 
heating value is the lowest of the alcohols because it contains the most oxygen (50% 
by weight ). It is therefore a poor fuel for air-breathing engines because they can take 
in oxygen from the atmosphere.
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Names
Methanol 
Methyl alcohol 
Carbinol
Ethanol
Ethyl-alcohol
Metliylcarbinol
TABLE 1.5 
Structures 
OF C,H,0,N  
COMPOUNDS
1-propanol 
n-propyl alcohol 
ethylcarbinol
2-propanol 
isopropyl alcohol 
dimethylcarbinol
1 - butanol 
n-butyl alcohol
n-propylcarbinol
2-butanol 
sec-butyl alcohol 
methyleyhylcarbinol
2-methyl -1  - propanol 
I - butyl alcohol
I - propylcarbinol
2-methyl-2-propanol 
tert-butyl alcohol 
trimethylcarbinol
Ammonia
Hydrazine
Unsymmetrical dimethyl 
Hydrazine ( UDMH )
Metliyl ether 
Ethyl ether
Metliyl te/t-butyl ether 
(MTBE)
Ethyl ferf-butyl etlier 
(ETBE)
re/f-amyl methyl ether 
(TAME)
Nitromethane
Nitroethane
Structural formula
Condensed
c h 3o h
C2HjOH
C3H70H
C4H5 0H
NH3
n 2h ,
(CH3)2N2H2
CH30CH3
C 2HjO C 2Hj
CH30C4H9
C2H5OQH9
CHbOCjH,,
c h 3n o 2
C2HjN 0 2
Extended
H jC  - OH
H
H jC ■ C- OH I
H
H H  I I
HsC-C-C-OH I I 
H H  
HI
H 3C -C -C H 3
I
OH
HH H 
I I I 
HjC-C-C-C-OH 
I I I 
H H H
H H  I I
HjC-C-C-CHj I I* 
HOH  
H H  1
HjC-C-C-OH
I I
H3C H
CH3
I
HaC-C-OH
I
c h 3
P, S or T
Primary
Primary
Primary
Secondary
Primaiy
Secondary
Primary
Tertiary
Tertiary
Tertiary
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TABLE 1.6 PHYSICAL PROPERTIES OF SOME ALCOHOLS
Name Formula
Melting Point 
(°C)
Boiling Point
t°C)
Solubillity in Water 
(g/100 g H20, 20°C)
methanol CH3OH -9 8 65 miscible
ethanol CH3CH2OH -115 78 miscible
1-propanol CH3 (CH2)2 OH - 127 97 miscible
1-butanol CH3 (CH2)3OH -9 0 117 7.9
1-pentanol CH3 (CH2)4OH -7 9 138 2.4
1-hexanol CH3 (CH2)5OH -5 2 157 0.6
Ethyl alcohol or ethanol, is readily miscible with water. The complete combustion of 
ethanol with the stoichiometric ( chemically correct) amount of air is as follows: 7
C2H5OH + 3 0 2 + 3 79 N2-> 2C 02 +3H20+3 x 3.76 N2 
21
Moles 1 + 3 + 11.3 -> 2 + 3 + 11.3v v  ^ v -------- -
15.3 16.3
Weight ^46+ 96 + 316 j  -+ 88 + 54 + 316
458 458
The lb air = 412 = 9.0 
lb fuel 46
The combustion reaction shown is exothermic. Although gasoline and alcohols are in 
many respects different, they have nearly equal energy of combustion per unit volume 
of stoichiometric mixture. Follow of these fuels, used in an engine under the same 
conditions with the same fraction o f the stoichiometric mixture for both and with fully 
vaporised fuel, will produce nearly the same power. In comparison with gasoline, the 
alcohols have a very high latent heat of vaporisation. Table 1.7 compares the physical 
properties of typical hydrocarbon used in gasoline and the first two series of alcohols.7
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TABLE: 1.7
COMPARISON OF THE PHYSICAL PROPERTIES OF OCTANE & THE 
FIRST TWO SERIES OF ALCOHOL
Octane Methyl alcohol (Anhydrous) 
Ethyl alcohol
Chemical Formula C8H18 CH3 OH C2H5 OH
Molecular Weight 114 32 46
Carbon % by Weight 84.0 37.5 52.0
Hydrogen % Weight 16.0 12.5 13.0
Oxygen % Weight Nil 50.0 35
Heating Value 
Higher, Btu/lb 20,570 9,770 12,780
Lower, Btu/lb 19,080 8,640 11,550
Latent Heat of Vaporisation 141 474 361
Specific gravity 0.702 0.796 0.794
Stoicheiometric Mass Ratio 15.1 6.45 9.0
Energy - Btu/ft3 of standard 95.4 94.5 94.7
Octane Number, Research 100 106 106
Method
Octane Number, Motor Method 100 92 89
Ethers also contain an oxygen atom within the carbon chain. The name derives from 
the high volatility, since it relates to the Greek 'aither' which was envisaged as filling 
heavenly space. When the radicals on each side of the oxygen atom are similar 
(ROR), the ethers are described as simple, and when different (ROR'), as mixed.
For simple ethers, the presence of two radicals in the molecule is generally ignored, 
eg, dimethyl ether is known as methyl ether. With a mixed ether, on the other hand, 
both radicals must be named, as in methyl ethyl ether. Since the angle between the 
C-O-C bonds is less than 180° , the ether molecule is weakly polar, but this is 
insufficient for any appreciable effects on boiling point.4
The most important ether used in gasoline blending is MTBE (methyl tertiary butyl 
ether), although others such as TAME (tertiary amyl methyl ether) and ETBE (ethyl 
tertiary butyl ether) are receiving more and more attention.2
The behaviour of these components in gasoline is discussed in section 1.7. Their 
structures are included in Table 1.5 and their properties in Table 1.8
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TABLE 1.8 GENERAL PROPERTIES OF C,H,0,N COMPOUNDS
Name
b.p.°C f.p. °C
Density 
Kg/L 20°C
methanol 64.8 -95.5 0.792
ethanol 78.4 -117.3 0.789
1-propanol 97.3 -126.5 0.804
2-propanol 82.4 -89.5 0.785
1-butanol 117.4 -89.8 0.810
2-butanol 99.5 -114.7 0.808 '
2 -methyl- 1 -propanol 108.1 -108 0.802
2-methyl-2-propanol 99.5 25.5 0.807
methyl ether -24 -140 -
ethyl ether 34.6 -116 0.71
methyl-fert-butyl ether 55 -109 0.74
ammonia -33.4 -77.7 0.61
hydrazine 113.5 2 1.01
UDMH 63.1 -57.2 0.79
nitro methane 101 -17 1.14
1.4 GASOLINE TERMINOLOGY
The gasolines are colourless blends of volatile mixture of hydrocarbons fractions 
which boil within the temperature of 30°C to 200°C.
The naphtha fraction from crude oil distillation is ultimately used to make gasoline. 
Therefore the first product obtained in the distillation of crude oil is gasoline. The 
hydrocarbon constituents in this boiling range are those that have four to twelve 
carbon atoms in their molecular structure.
Gasolines can vary widely in composition, even those having the same octane number 
can be quite different.9 This is because refineries are rarely the same in their general 
configuration and in their process, and also because the crude oils that are processed 
can be very different and can even vary from day to day. In addition, the operating 
conditions on the plants themselves have to be modified according to seasonal and 
other factors influencing product demand and product quality and this changes the 
chemical composition of the finished fuel.9
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1.4.1 GRADES OF GASOLINE
1.4.1.1 LEADED GASOLINE
As discussed previously, in the early 1920's it was discovered that the anti-knock 
behaviour of gasoline could be improved by adding lead compounds tetraethyllead 
(TEL), (CHoCIDJT). Tetraethyllead is an example of an organometallic compound, a 
compound in which there are direct covalent bonds between a metal atom and a 
carbon atom. Tetraethyllead decomposed by homolytic bond cleavage at ~ 140°-. The 
radicals which are produced promote even, steady combustion and facilitate the 
combustion reactions at lower temperatures.1 In motor car fuel, the combustion 
reactions can be facilitated because the ethyl radicals released from.the decomposition 
of the tetraethyllead form a cloud of catalytically active metal-oxide particles. These 
particles interrupt the chain branching reactions, which lead to the rapid combustion 
known as knock. 10'12 The effect of tetraethyllead additions on changing the octane 
number of pure alkanes and cycloalkanes is shown in the Table 1.9.
Since tetraethyllead boosts the octane number, it could be added to 2,2,4- 
trimethylpentane to increase the octane number above lOO.Indeed this is one approach 
to defining octane numbers >100 for fuels. The effect of tetraethyllead additions to 
2,2,4-trimethylpentane is shown in Table 1.10. 1
The other most common lead anti-knock compounds used is tetramethyl lead 
(TML).The composition and characteristics of TEL and TML are shown in Table 1.11 
Commercial lead fluids contain 1,2-dibromoethane and 1,2-dichloroethane which act 
as lead scavengers and prevent a building up of lead compounds in the combustion 
chamber. Volatile lead halides are formed which are exhausted from the engine. 
Without scavangers, hard deposits can build up in the combustion chamber. The 
deposits can flake off and cause valve burning by holding valves off their seats, thus 
allowing the hot combustion gases to escape past the valves.8
The relative effectiveness of different lead alkyls depends on their volatility, when 
they decompose in the cycle, and the type of base gasoline being used. In some cases 
this may mean using mixtures of TEL and TML, and in others a chemical mixture is 
the most effective. The response of gasoline components to lead alkyls is illustrated in 
Figure 1.2
19
FIGURE: 1.2 LEAD RESPONSE CURVES FO R DIFFERENT GASOLINE
COMPONENTS.
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TABLE 1.9 THE EFFECT OF ADDITION OF TETRAETHYL LEAD 
( 3 ML/US GALLON) ON OCTANE NUMBERS OF PURE COMPOUNDS
Com pound Octane Num ber Octane number with lead  
addition
pentane 68.0 84.0
2-methylbutane 92.0 101.5
Cyclopentane 101.5 108.0
Hexane 25.0 65.5
2-methylpentane 73.5 93.0
3-methylpentane 74.5 93.5
2 ,2-dimethylbutane 92.0 106.0
2,3 -dimethylbutane 103.5 113.0
Methylcyclopentane 91.5 105.5
cyclohexane 83.0 97.5
TABLE 1.10 INCREASE IN OCTANE NUMBER ACHIEVED BY ADDITION 
OF TETRAETHYLLEAD TO BASE GASOLINE
Additional, m l/gallon______________________Octane number
0 100
1 109
2 113
3 116.
4 118
5 119
6 120
TABLE 1.11 COMPOSITION AND PROPERTIES OF LEAD ALKYL
ADDITIVES
TEL* TML*
Composition, wt %
Lead alkyl 61.5 50.8
1 ,2-dibromoethane 17.9 17.9
1 ,2-dichloroethane 18.8 18.8
Dye, diluent, inhibitor, etc 1.8 12.5
Lead content, wt % 39.39 39.39
Properties
Specific gravity, 20°/4°C 1.60 1.58
Vapor pressure @ 20°C, mbar 67 87
Boiling point of lead alkyl, °C 200 ( decomposes) 110
* TEL ( tetra ethyl lead ), TML (tetra methyl lead ).
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The curves show that the greatest octane benefits are when they are blended into low- 
octane quality components, and that the octane improvements reduce as lead 
concentration increases. Paraffinic components tend to have a greater response than 
aromatic components.13
1.4.1.2 GASOLINE ROUND THE WORLD
• EUROPE
Within the EU the maximum lead content of leaded gasolines is required to be within 
the range of 0.15 to 0.4 g/1 by Directive 78/611/EEC. In practice all countries are at
0.15g/l maximum, except Portugal which is still at 0.4g/l.9
• NORTH AMERICA
In the US the EPA imposed a drastic reduction in the permitted lead level in gasoline, 
from l.lg/U S Gallon to 0.5g/US Gallon (0.13g/l) in 1985 and then to O.lg/US Gallon 
(0.0026g/l) from January 1986. This is considered to be the lowest lead level which 
will allow continued operation of older engines. However, sales o f leaded gasoline 
were banned in California from 1992.
In Canada sales of leaded gasoline has been banned since December 1990.9 
® SOUTH AMERICA
Brazil has been a totally unleaded market for several years.
Chile and Argentina launched unleaded gasoline in 1992, and Guatemala took the 
unusual step of going completely unleaded in 1992. Mexico has also had ULG for 
several years.9
• FAR EAST
Australia introduced ULG in 1986 and penetration has grown to around 40%. The 
maximum lead content in lead gasoline varies between states from 0.3g/l in Victoria 
to 0.84g/l inNorthen Territories.
New Zealand has had ULG since 1987 and penetration is 37% 9 
Japan introduced unleaded regular in 1975 and has been totally unleaded since the 
early 1980's, when premium ULG was introduced whose sales have now grown to 
around 18%.
South Korea and Taiwan have both had ULG since 1986/7,and Korea has now 
banned sales of leaded gasoline as from January 1993.
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•. MIDDLE EAST
Turkey introduced ULG 95 during 1992. Elsewhere only the United Arab Emirates 
(UEA) is known to have launched ULG in 1992.
• AFRICA
ULG is known to be available in several North African countries (Tunisia, Morocco)9
1.4.1.3 UNLEADED GASOLINE
There is no significant difference between the composition of 95 octane unleaded 
gasoline and 97/98 octane leaded gasoline- apart from the leaded content. The 
removal o f lead ( at 0.15 grams of lead/litre ) reduces the octane quality by 2-3 
numbers. The emissions from a non- catalyst car, which can run on either 95 octane 
> unleaded or 97/98 octane leaded, will therefore be similar apart from the lead
emissions associated with leaded gasoline. To replace the lost octane to produce a 
97/98 octane unleaded fuel, a number of high octane components can be used, such as 
reformate, isomerate, alkylate or ethers and alcohols. Of these components only 
reformate contains significant levels of aromatics, so the composition and hence 
benzene emissions of high octane gasoline will depend on how it was made.14
1.4.1.4 REFORMULATED GASOLINE
Reformulated gasolines, are designed to reduce both exhaust and evaporative 
emissions from vehicles. They were first introduced by ARCO who, in September 
1989, started marketing an "Emission Control" gasoline, in Southern California. It 
was intended as a fuel for vehicles not equipped with catalytic converters8 
Reformulated gasoline produces 15 to 17 percent less pollution than conventional 
gasoline.15
The reformulated gasoline program is one of the most important fuel programs for the 
protection against pollution since lead was phased out of gasoline.
The use o f oxygenates such as MTBE (methyl tertiary butyl ether) in reformulated 
gasoline helps in reducing the consumption of crude oil. Ethers such as MTBE and 
ETBE (ethyl tertiary butyl ether) are predominantly made from natural gas and natural 
gas liquids. Also, they have carbon to energy ratios that are lower than that of gasoline 
since they proportionately derive more of their energy content from hydrogen instead
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of carbon. Therefore, oxygenate use in RFG directly reduced the carbon energy 
content of gasoline by approximately 2 percent based on the fuel survey analysis. 
Indirectly, oxygenate use displaces crude throughput at the refinery which thereby 
decreases the production of the associated higher carbon resid fuels.16 
Some reformulated gasolines have appeared in Europe.
Tests with reformulated gasolines all show very significant benefits, although these 
will depend on the vehicles used and the test conditions 9
1.4.1.5 OXYGENATED GASOLINE
As mentioned above the concept o f using oxygenates in motor fuel, and the 
knowledge of their capability to raise the octane number, goes back to the 1920's. 
Since the octane number in those days was relatively low ,the octane boost by 
oxygenates would have significantly improved performance.17 
Oxygenated gasoline requires the addition of oxygenates such as MTBE or ethanol 
which promotes more complete combustion of carbon monoxide in the engines. 
Technically there are several reasons for the use of oxygenates in gasoline.
- Boosting the octane values
- Superior water tolerance properties enabling shipment by pipeline
- Extending the petrol pool
- Providing refiners with extra blending flexibility to meet the increasing 
demand and quality
- Reducing RVP
- Lower evaporative emissions 
Lowering benzene and other aromatics 18
Therefore a number of oxygenated compounds such as alcohols and ethers are being 
used in gasoline as octane boosters and to reduce vehicular emission.
Like any other gasoline component, it is necessary to fully define the scope of each 
oxygenate type, at given concentrations, through blending studies and in-vehicle 
evaluations in order to achieve market satisfaction and acceptance. Whilst much data 
have already been generated on the use of oxygenates in gasoline, much more remains 
to be determined about their performance in future fuel formations and future engine
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configurations.19 A list of alcohols and ethers specified in the official Journal o f 
European Communities is reproduced in Table 1.12 24,65
TABLE 1.12 OXYGENATED SUPPLEMENTS ALLOWED BY THE EEC 
DIRECTIVE
Compounds A B
(%  vol) (% vol)
Methanol, suitable stabilising
agents must be added8 3 3
Ethanol, stabilising agents may
be necessary0 5 5
Iso-propyl alcohol 5 10
TBA 7 7
Iso-butyl alcohol 7 10
Ethers containing five or more
carbon atoms per molecule0 10 15
Other organic oxygenates
bdefined in Section 1 7 10
Mixture of any organic 2.5 % oxygen weight, not 3.7% oxygen weight, not
oxygenates defined in Section 1 exceeding the individual limits exceeding the individual limits
fixed above for each component fixed above for each component
a In accordance with national specifications or, where these do not exist, industrial specifications. 
b Acetone is authorised up to 0.8 per cent by volume when it is present as a by-product of the manufacture of 
certain organic oxygenate compounds
Only two types of oxygenated compounds- alcohols and ethers are used to any 
significant extent in gasoline as compounds (i.e., at concentrations greater than one or 
two percent)(22,23), and of these the most important are:
Alcohols: Methanol ( MeOH)
Ethanol ( EtOH )
Isopropanol ( IP A) 
t-Butanol (TB A )
Mixed Cito C5 alcohols
Ethers: Methyl tertiary butyl ether ( MTBE )
Tertiary amyl methyl ether (TAME ) 
Ethyl tertiary butyl ether (ETBE) 
Mixed ethers
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1.5 GASOLINE BLENDING
The driving forces behind gasoline blending are energy requirements, economics and 
the environment. Probably the order in which they are most usually evaluated would 
be economics first, environment second and energy last. However, with growing 
concern about greenhouse gas emissions, there is a tendency for energy and the 
environment to be seen to be more equal in ranking. This is because one litre of petrol 
produces about 2.5Kg of carbon dioxide, or 2.61 Kg of CO2, if fuel production is 
included.20
Gasoline is the principal product produced by U.S. refineries. Gasoline blending 
combines various hydrocarbon streams into finished gasoline. Table 1.13 lists the 
refinery streams used as gasoline blending components21
TABLE: 1.13 GASOLINE BLENDING COMPONENTS
Source Stream
Catalytic reformer Reformate
Catalytic Cracker Naphtha
Distillation Tower Butane 
Isopentane 
Straight run naphtha
Isomerisation Isomerate
Alkylation Alkylate
Hydrocracker Hydrocrackate
Conversion Processes MTBE
ETBE
The objective of product blending is to allocate blending components to meet product 
demands and specifications at the least cost. Given the high volumes produced in 
refineries, small per gallon savings results in substantial profit increase. As mentioned 
earlier another factor influencing the refining industry is the growing environmental 
concern calling for cleaner petroleum products and processes.
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To ensure that the resulting products meet specifications, an analysis of each stream 
provides product characteristic information and composition data such as boiling 
point, RVP, specific gravity and octane number. 21
In a complex refinery or when untried components are purchased, blending requires a 
number of trial blends to establish blending behaviour. One reason is that the blend 
does not always behave as expected in terms of how the calculated quality compares 
with actual measured quality, particularly if there are plant changes or new 
components being used. The main causes o f these discrepancies are:
- Many of the important specification parameters such as octane and vapour 
pressure do not blend linearly.
- The octane behaviour of a given component is modified by the nature of
- other components in the blends, i.e., other factors than RON and MON, 
such as hydrocarbon composition, influence the way in which a component 
blends.
- The blender is tiying to meet several specifications at once and moves to 
meet one specification point may well result in another being put out of 
grade.
There are other factors that conspire to make the life of a gasoline blender difficult, 
such a s :
- Restriction in the maximum level allowed for some components or 
additives such as, oxygenates, anti-knock additives, sulphur, etc.
- Tankage limitations- a refiner has to find a home for all of the product 
streams made, and if all of a product stream can not be used it may 
necessitate cutting back in plant throughput to avoid overfilling tanks. 
This, in turn, may mean a deficiency in other streams and an increase in 
costs.
In addition, many specification points are legally enforced so that the penalties in 
terms of adverse publicity and fines if out -of-grade product is put on the market can 
be very expensive. Because available test procedures often have a very poor precision, 
this has to be taken into account when setting specification standards so as to be sure 
that any sample picked up by a controlling body has a very high probability (usually 
at least 95%) of meeting the required specifications. However, there are many 
instances where fuel properties must be optimised to a high degree i.e. in special
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formulations for racing fuels where a small variant in one component level can lead to 
noticeable differences in performance. Additionally rigid controls on specification 
limits mean that the need to work very closely to these carries inherent risk of over 
stepping limits simply as a result of method limitations and 95% probability statistics. 
It is therefore necessary to improve the accuracy of data and this can be done by 
replicate analysis and the use of alternative methodologies.
The blenders have to identify which specification points are critical, i.e., which points 
are most likely to be difficult to meet in terms of cost and the available component 
streams. For many refiners this will be octane quality or Reid Vapour Pressure, and<it 
will be necessary to concentrate particularly on these points. Many specification limits 
will always be satisfactory whatever the blending method, and these are only 
monitored on an occasional basis. The main difficulty in achieving an accurate 
 ^ prediction of the properties of a gasoline blend is that most of the important
parameters, such as RON, MON and RVP, do not blend linearly and the way in which 
they blend will vary according to the other components in the pool, which we will 
discuss in further on. 8
1.6 EFFECT OF OXYGENATES ON VARIOUS GASOLINE PARAMETERS
1.6.1 OCTANE:
Octane number is a measure of fuel's ability to avoid knocking. The octane number of 
a gasoline is determined in a special standard single- cylinder engine where various 
combustion conditions can be controlled. The test engine is adjusted to give trace 
knock from the fuel to be related. Various mixtures of isooctane (2,2,4-trimethyl 
pentane) and normal heptane are then used to find the ratio of the two reference fuels 
that produce the same intensity of knock as that by the unknown fuel9 
Usually the research octane number (RON) is reported for gasoline, however the 
motor octane number (MON) is also important. The MON is relevant to high -speed 
knock Which is often difficult for the motorist to detect. Often the mean of the 
research and motor methods are reported as (R+M)/2 and the difference between 
RON and MON is called the sensitivity. Typically, the sensitivity of alcohol fuels is 
larger than that of gasoline. Normally, fuel manufacturers try to maintain the 
sensitivity at about 8 units.20
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The oxygenated blending agents for gasolines which are receiving the most attention 
today, based on economics, availability and octane value are, MTBE, ETBE, TAME, 
ethanol and tertiary butyl alcohol. All o f these are used to some extent in commercial 
gasoline.
As discussed before in addition to the obvious advantage of oxygenates as fuel 
extenders, these materials possess excellent octane upgrading capability. Figure 1.3 
shows comparison of the effectiveness of several oxygenated blending agents in 
upgrading the octane quality of gasoline.
The octane gains shown are incremental, that is the gain in based fuel (R +M )/2 , as 
discussed previously (it has been agreed amongst car manufacturers and gasoline 
suppliers that the average o f the research (R) octane and motor (M) octane (R+M)/2 is 
more closely related to actual engine requirement ). This octane rating is also called 
the antiknock index and this is the number posted on service stations dispensing 
pumps resulting from the addition of each volume percent oxygenate. This linear 
relationship holds for most oxygenates up to 20 volume percent in gasoline.
Figure 1.3 shows also that, overall, TBA is the least effective octane blending agent, 
methanol and ethanol being the most effective, based on equal volume added to 
gasoline. MTBE, a non alcohol, is an excellent octane upgrading blending agent, and 
with the exception of TBA all the high octane oxygenate blending agents are superior 
to toluene on the (R+M)/2 basis. Figure 1.4 shows the effect of oxygenates on the 
antiknock index as a function of the oxygen 26
1.6.2 VOLATILITY
Gasoline must vaporise to burn, therefore it must be volatile in cold weather so cars 
will start readily and run smoothly until warmed up. However it must be less volatile 
in warm weather to prevent the formation of excess vapour that causes loss in power 
or stalling due to vapour lock or fuel foaming (Vapour lock is a problem that is caused 
by gasoline vaporising in the fuel line to the pump causing a lean fuel condition ).
Fuel foaming is caused by cool gasoline which boils when it enters a hot carburator 
bowl. Both conditions can occur when the front end volatility is too high. Proper 
gasoline blending helps to control this problem. Therefore gasoline composition is 
varied for volatility seasonally and according to the locality to give optimum car 
performance.
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Volatility is controlled by specifications on the Reid Vapour Pressure (RVP) and by 
distillation.26
The use of oxygenates as blending agents in gasoline have a definite effect on RVP 
and distillation temperatures. Adding alcohols to gasoline lowers the boiling point 
temperature of individual hydrocarbons. The alcohol causes significant reduction in 
the temperatures for evaporation of the front end.20
Lower molecular weight alcohols have considerably lower RVP's than gasoline, 
however, when blended into gasoline, they actually increase the volatility of gasoline. 
High molecular weight alcohols such as EPA and ethers such as MTBE and ETBE 
generally lower the RVP of the gasoline and this is an advantage of these ethers over 
alcohols such as ethanol.
Since ethers lower RVP more than alcohols, such as ethanol, when used in gasoline, 
this allows the use of more butane a desirable blend stock without a RVP penalty.20 
Figure 1.5 shows the RVP effect as a function of oxygen content. Ethers are, in 
general, better than alcohols for blending with gasoline. Apart from the blending of 
alcohols resulting in higher RVP, they can also cause phase separation in the presence 
of water. 25
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1.7 DIFFERENT OXYGENATES
1.7.1 ETBE
Ethyl tertiary butyl ether (ETBE) is a potentially valuable blending stock for petrol. It 
can be produced from isobutylene and agriculturally based ethanol.
ETBE also can be an acceptable oxygenated blending component for reducing CO 
emission.
ETBE has a vapour pressure advantage over ethanol or even MTBE which' is a 
concern with the ever lowering ceiling on Reid Vapour Pressure (RVP). Also ETBE 
has a significantly higher Motor Octane Number (MON) than of the others. This is 
beneficial to the performance of todays smaller, higher performance engines operating 
x at high engine speeds.
Comparing ETBE with ethanol, ETBE has most of the technical advantages of ethanol 
but few of the disadvantages.
Properties of ETBE:
Chemical Formula........ C2H50C(CH3)3
Molecular Weight.........102.18
Boiling Point  ......... 72.8
RVP psi.......................... 4.5
Density...........................0.742
Mass Percent Oxygen.... 15.66
Although ETBE has advantages over Ethanol, it is not available in large quantities 
and not used in conventional gasoline 26
1.7.2 MTBE
Another compound of interest as an additive in blending gasoline is methyl tertiary 
butyl ether, also known as MTBE.
The MTBE can be produced from C4 olefins. MTBE is an excellent octane enhancer 
and in general the properties of gasoline-MTBE blends closely resemble gasoline, 
therefore the blends are essentially equivalent to gasoline in all performance areas. 
MTBE is used today in some commercial petrol and has been approved for use in
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unleaded gasoline by the EPA.
Properties of MTBE:
Chemical Formula...........CH3OC(CH3)3
Molecular W eight.......... 88.14
Boiling Point.....................55°C
Density..............................0.74
MTBE is widely used in gasoline as an oxygenate. MTBE effectively boosts the 
octane numbers of gasoline without adversely affecting its other properties. However, 
MTBE is not as efficient as lead alkyl compounds as far as the specific octane number 
improvements are concerned. The addition of 5 to 30 volume percent MTBE increases 
the RON froml.9 to 11.8 of a typical gasoline. MTBE addition also extends the 
volume of gasoline produced for a given crude by adding volume to the gasoline pool. 
MTBE provides much higher FEON (Front End Octane Number) to the gasoline in 
comparison with other gasoline components. A higher FEON increases engine 
efficiency during the low speed acceleration stage. MTBE has a favourable effect on 
the distillation characteristics of gasoline. MTBE addition lowers the distillation 
temperature which improves drivability and cold engine operation. MTBE- gasoline 
blends were found free of gums and peroxides after long term storage and poses no 
phase separation problems in the presence of water. MTBE is miscible with gasoline 
in all proportions and its solubility in water is low.18
1.7.3 TAME
Tertiary- amyl methyl ether ( TAME, CH3OC(CH3)2C2H5), can be made from C5 
olefins and it is another octane enhancer. However it's use is limited since it is not 
economically viable.19
Therefore the conclusion may be drawn that technically there are four reasons for the 
use of oxygenates:
1. Boosting octane value
2. Extending the gasoline pool
3. Providing refiners extra blending flexibility to improve increasing demand 
and quality
4. Environmental aspect (substitution for lead anti-knock agents)
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1.8 RACING FUEL
A primary objective in racing is to maximise engine power output consistent with any 
imposed restrictions on fuel quality and the ability of the engine to survive for the 
duration of the race. Power output is mainly increased by engine design features, but 
the use of specialised fuels to maximise power output can play an important part in 
achieving higher outputs than can be obtained by mechanical means alone.
The factors that are important in a racing fuel are as follows:
• Heating value. The greater the heat content of the fuel, the higher the possible 
energy output.
• Stoichiometry. The lower the stoichiometric air-fuel ratio (or oxygen-fuel ratio if 
another oxidant other than air is used), the more fuel can be introduced into the 
combustion chamber.
• Ratio of products to reactants. The higher this ratio, the higher the combustion 
pressure in the cylinder and, hence, potentially the higher the power output.
• Resistance to detonation and preignition because these can destroy an engine 
under racing conditions. The relatively severe driving conditions used in racing 
may mean that MON is generally more important than RON, although for turbo 
or supercharged vehicles the reverse may be true.
• Flammability limits. The flammability limits should be such that fuel-rich air-fuel 
ratios can be used that maximise power.
• Flame speed. A fast burn rate is important in a racing engine since it helps to 
maintain good combustion under varying conditions of speed, load, air/fuel ratio, 
etc.. and also because combustion needs to be virtually complete before the 
combustion stroke is over, in order to maximise the thermal efficiency.8
• Heat of vaporisation. A high heat of vaporisation will increase the volumetric 
efficiency of an engine by cooling the intake charges as the fuel evaporates, and 
increase the energy density.
• Volatility. The fuel must have a boiling range that allows it to be transported 
readily in the liquid form and yet volatilise satisfactorily in the intake system.
• Safety. The fuel must be sufficiently stable to ensure that it does not cause an 
explosion hazard during use or when being transported and handled under normal 
conditions.
It is not possible to find a fuel that has the optimum level of all the characteristics
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listed above, and so racing fuels must always be a compromise. Also as the 
characteristic o f individual fuels vary widely from one to another, engines must be 
designed for a specific fuel and will not normally run efficiently on other blends 8 
For Formula 1 racing, the regulations restrict octane quality and do not allow the use 
of methanol and nitro-methane based fuel.28 Because of this, a considerable amount 
of work has been carried out to develop fuels that will give enhanced performance 
under the conditions of a racing engine.
However, a fuel specification defines only an envelope of acceptable properties and 
not the components used to achieve them. Inevitably it was deemed unrealistic to 
expect high performance engines operating at speeds in the region of 16 000 RPM 
(revolutions per minute) to accept a fuel suited to the typical passenger-car engine: 
consequently more and more exotic components tended to be introduced into the 
gasoline, without violating the specified property limits. As a means of controlling 
this trend, therefore, the FIA has created a database of some 300 acceptable range of 
components and their concentration (Ref FIA 1998/1999 Year Book). Examples are 
indicated below in Table: 1.142
TABLE : 1.14
Saturated hydrocarbons (paraffins and naphthenes 60 % vol max
Unsaturated hydrocarbons ( olefins) 35 % vol max
- including dienes 1 % mass max
Aromatics 20-50 % vol max
- including benzene 5 % vol max 
Hydrocarbons of less than 5 % mass
Concentration each 50% mass min of total fuel
Oxygen 3.7% mass max
Nitrogen______________________________________  0.2 % mass max___________
These fuels can be unleaded and contain only a relatively few components as 
compared with a pump fuel. The components can include aromatics- one racing fuel is 
reported to contain 84% toluene 27 - to give good octane quality and high energy 
content, as well as other components such as olefins to increase flame speed 28 and 
iso-paraffins and oxygenates.
Alcohols are excellent blending components in terms of octane quality, particularly 
RON, and from a specific energy viewpoint.
The high heat of vaporisation of the alcohols, especially methanol, will cool the intake 
charge and improve volumetric efficiency.
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The disadvantages of the alcohols as discussed earlier are that they increase RVP 
when blended with gasoline, causing hot drivability problems, and they attack metals 
and elastomers in the fuel system. Alcohols also absorb moisture from the atmosphere 
and such water can cause phase separation.
Ethers such as MTBE or TAME are used as blend components in racing fuels in order 
to improve octane quality. They are relatively trouble-free but do not have significant 
cooling effect on the intake charge because of their relatively low heats of 
vaporisation as compared with gasoline.8
Another important parameter controlled by the FIA is the presence of dienes and 
unsaturated oxygenates. These components are not permitted on several counts:
Both compounds tend to be rather toxic leading to nausea and dizziness. They have 
some serious long term health hazards which are well documented. However the 
dienes and unsaturated compounds have a fast bum characteristic. Normal fuel 
requires a finite time to generate a general burning front. However a double bonded 
fuel like diene or unsaturated oxygenates due to the conjugated nature of the bonds 
can burn faster, permitting the start of the combustion very near the TDC (top dead 
centre). As a consequence less retarding force is applied to the rising piston and hence 
an engine can develop more overall power. This is a feature that can be put to great 
advantage in the competitive racing world, where over a 2 mile circuit distance, a 
difference of a one second lap time can make all the difference between winning and 
losing.
Fuel suppliers, from time to time, have tried to introduce unsaturated oxygenates into 
fuels and this activity needs to be controlled. The European Commission have in fact 
evaluated a wide range of oxygenated compounds which may be added to gasoline but 
unsaturated oxygenates have not been accepted in the relevant European Directive61.
1.9 SUMMARY
Analysts in the petroleum industry are faced with numerous challenging problems. 
This is particularly so in the area of oxygenates analysis. Oxygenates are used to give 
greater flexibility in blending gasolines and they are important components in the 
clean fuels debate. Characterisation of fuel blending additives, such as oxygenates, is 
extremly important since many of these additives are controlled by legal 
requirements. Adoption of the most precise test methods is very important to
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petroleum refiners, importers and users of petroleum products, as well as governing 
regulators. If the test method is not precise enough, refineries will be forced to over­
treat their products to ensure compliance with regulations. This could reduce product 
yields and increase processing costs, ultimately increasing the cost of the fuels to 
consumers. Without precise test methods, the controlling bodies will not be able to 
consistently enforce the legal regulations for fuels.
Refiners, pipeline companies, importers, and those in independent test laboratories 
who will be responsible for testing gasoline parameters for compliance with 
regulations would also prefer practical test methods which are reliable to use. 
Therefore methods of analysis have always played a vital role throughout the 
development of automotive technology. However gasoline testing is moving into the 
stage which requires much more advanced technology.
Different categories of gasoline such as conventional gasoline(CG), reformulated 
gasoline(RG) and racing fuels(RF) all possess different properties according to their 
composition. The focus of this thesis is on the characterisation o f anti- knock 
additives (oxygenates), substances carrying their own physical and chemical 
thermodynamic properties which when blended into the base gasoline produces a final 
blend with very different characteristics. The different types of gasoline possess their 
own characteristic compositions.
The recent methodologies of analytical procedures for oxygenates in gasoline is 
mainly focused for the range specified by the EPA. The determination o f the oxygen 
content and the type of oxygenates present are o f the utmost importance since a small 
deviation from the maximum limit could lead to it being off specification (i.e.illegal). 
In response to this requirement, the blenders, the relevant controlling body and other 
members of the analytical community have adopted different methods for the analysis 
of oxygenates which they use to correlate their differing methodologies against each 
other. However there are times that the applied method does not produce accurate 
results or, even worse, can lead to misidentification of components or give erroneous 
detection limits.
The requirements set for laboratories involved with analytical testing of RG, RF,CG 
are complex, rigid and can be extremely confusing.
New methods with better accuracy and precision are continually required.
In order to review these methods, this chapter focuses on the implementation and 
limitation o f current methods for analysis of oxygenates in gasoline.
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2.1 INTRODUCTION
The determination o f the total oxygen content present in oxygenated gasoline is normally 
carried out by indirect methods to determine each individual oxygenate and subsequently 
calculating the total oxygen content, as has already been discussed in previous chapters. 
Although ASTM published the approved method for the direct determination of oxygen in 
gasoline, using a reductive pyrolysis technique, over two years ago, nevertheless this
t
method contains many vague areas, which require further investigations to be carried out. 
The method determines the amount of oxygen present regardless of the type of oxygenate 
present in the sample.
This method, at the present time, can be used as a complementary technique to the other 
indirect methods used for analysis of complicated gasoline. There are many areas of the 
method, which certainly need a great deal of improvement before it can become 
independent of the use of indirect methods. Further development is necessary also in order 
to overcome the interfering factors, such as in the presence of heavy metals, the impurity 
factor of carrier gas and possibly others which will be discussed later. In general, oxygen 
analysis is subject to interference; samples high in phosphorus, silicon, boron, or, as 
mentioned previously, samples containing metals can provide incorrect results due to the 
formation of refractory oxides during pyrolysis.
Since the aim of this study is to evaluate the different methods of analysis of complicated 
modern gasoline, therefore this chapter concentrates on the direct determination of 
oxygen, in place of the analyses o f individual oxygenates present in gasoline.
The technique discussed in this chapter is part of a technique applicable for the analysis of 
nonmetals, in particular carbon, hydrogen and nitrogen (C,H,N). This technique is based 
upon combustion.
The determination o f the CHN content of a compound has always been the first step in 
ascertaining its identity or purity. In fact, the determination of CHNO was referred to by 
early researchers as "elemental analysis" and for years the term was restricted to these 
types of analyses alone. These terms are still used by some scientists.
Over 200 years ago the quest to achieve accurate elemental analysis of organic compounds 
began with Lavoisier.29 Classical, "non-instrumental" elemental techniques were developed
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and modified by the pioneers of elemental analysis, namely Pregl, Dumas, Wickbold, and 
Kjeldahl. The techniques generally provided accurate data even at trace levels. These 
techniques became the mainstay in industry and academia and, in fact, are still used as 
standard or referee techniques today.30
Although generally accurate, they suffered from a number of drawbacks. Analysis time 
was extensive, usually measured in hours. Sample sizes were relatively large, particularly 
for trace level analysis. Large quantities of reagents, gases and chemicals were required, 
many o f which were corrosive, hazardous, and /or toxic. Also, the techniques were not 
adaptable to on-stream analysis and in some cases the accuracy of the data was dependent 
on sample structure or compound class.30
\  Steadily elemental analysis techniques were refined until Pregl adapted these techniques to
\
the micro-scale (utilising milligram quantities), work, which lead to the award of the Nobel 
Prize in 1923. Over the next forty years with the development of new global synthetic 
chemical industries e.g. petrochemicals, fine chemicals and pharmaceuticals, the demand 
for elemental microanalysis expanded considerably. Consequently the need to automate 
the micro-analytical procedures became ever more apparent, whilst at the same time the 
accuracy and precision of the classical techniques needed to be maintained. The early 
1960's saw the introduction of the first automated elemental analysers, which quickly 
gained acceptance in laboratories throughout the world.31
Over the years, there have been increasingly greater demands in the elemental analysis area 
for faster turnaround, higher sample throughput, greater sample flexibility, and lower 
detection limits. To satisfy these demands, modem elemental analysers have overcome the 
shortcomings of classical analysis. Analysis times are now measured in minutes and 
seconds instead of hours. Sample sizes are reduced to milligram or micro litre levels.30 
The development of the elemental analyser has been impressive. Although it is not 
anticipated that the basic concepts used for elemental analysis will change, there is no 
doubt that continued improvements and refinements will be forthcoming as this technology 
must accelerate to meet more demands in different industry, especially in such diverse 
industries as petroleum.
All the elemental analysers used for analysis of CHN are separately capable of analysis of 
oxygen regardless of the manufacturer's type.31
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2.2 BASIC THEORY OF THE COMBUSTION TECHNIQUE
Oxygen analysis is based on the classical Schultze and Unterzaucher methods and the 
modifications of Oita and Conway32, and H uber.31
Although manufacturers use different combustion techniques, and incorporate different 
reagents in the combustion train, it is in the separation and detection processes where most
t
of the instruments differ significantly.
Separation can be accomplished by either the use of selective absorbents/ adsorbents or 
gas chromatography. Detection of the gases is accomplished using thermal conductivity or 
non-dispersive infrared absorbance. Therefore the differentiation in separation/ detection 
systems allows the segregation of instrument types into three categories, namely:30
a. Separation via selective absorbents/ detection by thermal conductivity.
b. Separation via gas chromatography/ detection by thermal conductivity.
c. Separation via selective absorbents/detection by non-dispersive infrared analysis.
The combustion technique used in this work relates to category (a) above.
However, generally the micro-analytical sample preparation methodology and combustion 
chemistries differ only slightly from instrument to instrument.
As discussed earlier it is in the detection and measurement of the combustion products that 
micro-analytical systems differ most markedly.
Category (a) involves instruments working with a static system( horizontal set-up).
In the static system a mixture of helium and hydrogen (95:5%), transports the pyrolysis 
products through two reactors in series. The first reactor contains heated copper which 
removes sulphur containing products. The second reactor contains a scrubber which 
removes acidic gases and a reactant which oxidises carbon monoxide to carbon dioxide 
(optional). The product gases are then homogenised in a mixing chamber, which maintains 
the reaction products at the required conditions of temperature, pressure, and volume. The 
mixing chamber is subsequently depressurised through a column that separates carbon 
monoxide from interfering compounds. A thermal conductivity detector measures a 
response proportional to the amount of carbon monoxide or carbon dioxide.3
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Figure 2.1 Illustrates the static system schematic.
Category (b) relates to instruments generally working on the dynamic system ( vertical 
set-up)
In a dynamic system the mixture of combustion products is passed through a gas
chromatographic column to separate the component parts resulting in a gas chromatogram
peak. The subsequent signal is measured and referenced against compounds of known
oxygen content. Due to the dynamic nature of the measurement, the evaluation of oxygen
is more susceptible to errors. A typical instrument used for the dynamic system is a Carlo
Erba Elemental Analyser. It is usually used for the simultaneous determination of carbon,
hydrogen and nitrogen. By the introduction of a number of modifications, the apparatus
\  can determine total oxygen content. The analyser consists of three sections; pyrolysis tube,
*
gas chromatographic column and thermal conductivity detector. A schematic diagram of 
the analyser is given in Figure:2.2
In the oxygen mode, the quartz pyrolysis tube is packed with nickelised carbon. The 
temperature of the tube is held a t 1060°C. Helium gas, is passed through the tube at a flow 
rate of 30ml/min.
In the analysis, the gasoline blend is injected directly into the vapourisation zone at the top 
of the quartz pyrolysis tube. The carrier gas then sweeps the sample vapour over the 
heated nickelised carbon. Any oxygen present in the gasoline, including trace o f water, is 
converted quantitatively to carbon monoxide on contact with the catalyst. The degradation 
products are swept onto a 5 A* molecular sieve gas chromatographic column 
where the carbon monoxide is separated from the other pyrolysis products. The level of 
carbon monoxide is measured quantitatively by a thermal conductivity detector.
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FIGURE 2.1: STATIC SYSTEM SCHEMATIC
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Vertical or Horizontal??
One of the key design differences in the types of system is the orientation of the 
combustion furnace. Only the static design has a horizontal combustion furnace, all the 
others operate with a vertical arrangement. As mentioned earlier the technique applied in 
this work is horizontal.
i
Although the use of the vertical system (dynamic system) is outside the scope of this 
work, it is appropriate, however, to compare the two techniques from the scientific 
viewpoint. Using the horizontal technique the sample is introduced on a ladle into the 
pyrolysis tube where the temperature is held at 1,000°C. At the completion of each sample 
analysis the ladle containing the combusted silver capsule is removed from the combustion 
train and reloaded . However in the vertical technique the sample is always introduced on 
top of the previously combusted samples as it may lead to error in the analytical data. This 
results in the build up of sample residue in the combustion zone of vertical furnace systems 
see Figure 2.3 .The reason for concern in building up residue in the combustion zone is, as 
the residue collects in the combustion tube, the flow characteristics of the combustion tube 
change. This change is particularly important when applying such changes to dynamic type 
systems as these systems depend on constant flow. Any changes in flow have a direct 
effect on calibration characteristics and stability. An example of the effect in a vertical 
furnace system can be demonstrated by running a blank directly after a sample run. This 
shows that the blank values are elevated due to the residual sample that was left in the 
residue from the initial combustion, combusting along with the next run.
As discussed previously in a horizontal furnace the combusted sample carry over does not 
occur, as residue is removed between each analysis.3
2.3 MODIFICATION OF THE CHN APPARATUS FOR OXYGEN ANALYSIS
This conversion entailed replacement of the combustion tube by a pyrolysis tube 
containing a packing of platinised carbon, copper, and silver gauze. The conventional 
reduction tube is replaced by an oxidation tube containing copper oxide and silver gauze.
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An acid- gas scrubber U tube is placed between the pyrolysis and oxidation tubes to 
remove any acid gases which would otherwise pass through the detector and result in a 
high signal. A carrier tee has to be added to the helium inlet line in order that the helium 
flows through the oxygen line used for CHN analysis. This stabilises the capsule blank 
value.
FIGURE 2.3: COMBUSTION TUBE DESIGN
Horizontal Combustion Tube Vertical Combustion Tube
Combustion reagents
Combustion zone showing 
build up of residue
Automated ladle for injection of 
samples and removal of residue
Combustion reagents
A suitable amount of sample is introduced into a helium environment at 1000°C using 
platinised carbon to convert oxygen and oxygen cracked product to carbon monoxide. 
Then pyrolysed products pass through heated copper ( 900°C) which reduces any sulphur 
products o f reaction to copper sulphide. The carbon monoxide and remaining gases pass 
through CuO at 670°C where carbon
monoxide is converted to carbon dioxide. Any basic gases of reaction are removed by the 
standard water trap. The carbon dioxide is absorbed by Ascarite placed in a tube between 
the two sides of the carbon thermal conductivity detector, and the readout from the C- 
detector is used for the total oxygen calculation. Hydrogen and nitrogen are also 
calculated but results are not usable, although the nitrogen blank can be used to indicate
leaks. 32
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2.4 EXPERIMENTAL SECTION
The following standards used in these studies on the use of micro- elemental analysis are 
referred to as SI, S2, S3, S4, S5 and S6.
IP A/Iso Octane Oxygen Content 0.8% w/w SI
Benzoic acid(solid) Oxygen Content 26.20%w/w S2
IP A/Iso Octane Oxygen Content 2.0% w/w S3
IP A/Iso Octane Oxygen Content 3.0%w/w S4
IP A/Iso Octane Oxygen Content 3.5% w/w S5
IP A/ Iso Octane Oxygen Content 4.0% w/w S6
The work presented here was carried out using microanalysis technique. The instrument, 
manufactured by Perkin Elmer,model 240C, originally used for the determination of 
carbon hydrogen and nitrogen, was modified for the quantitative determination of oxygen 
in gasoline.
2.4.1 APPARATUS & MATERIALS
The oxygen analyser used for this work consists of the following parts: 
oxygen pyrolysis tube 
acid gas scrubber (U) tube 
reduction furnace 
oxidation tube
The package material consisted of: 
platinised carbon 
copper
platinised gauze 
silver gauze 
quartz wool
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cupric oxide 
ascarite
magnesium perchlorate
2.4.2 ASSEMBLY OF APPARATUS
Despite the fact that the determination of total oxygen goes back to the beginning of this 
century, it is still not recognized as a tried and trusted routine method. This is particularly 
the case because of interferences from oxygen absorption to which the method is prone. 
Therefore the assembling and setting up of the elemental analyser was a very time 
consuming and painstaking process.
Process stages:
• Pyrolysis tube: The short part of the tube which was going to be located 
in the furnace was packed from its indent point using the following in 
turn:
tightly rolled platinum gauze 
quartz wool
approximately 4" o f platinised carbon gently taped in order to prevent 
the reagent from channeling, 
quartz wool 
1/2" copper wire 
quartz wool 
silver gauze
• Oxidation tube: packing from both ends to the centre as follows: 
silver gauze 
quartz wool 
copper 60/100 mesh 
quartz wool
cupric oxide (in the center)
• Acid Gas Scrubber U tube : packing is from the outside to the middle:
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quartz wool 
Ascarite
Ascarite was added until there was about 1" of empty tubing at each end. It was 
tapped gently during filling to avoid channeling. Magnesium perchlorate can be 
added after the Ascarite to trap water from the reaction, thus extending the life of 
the water trap.
• Oxygen and He Scrubbers, Carbon Dioxide and Water Traps, were packed as for 
CHN mode of operation (Magnesium Perchlorate).
The diagrams for the packing of the apparatus are demonstrated in Figure 2.4.
• Once the apparatus had been completely assembled and made ready, the whole 
system was firstly flushed with a flow of helium for a minimum of two days, prior to 
turning the power on. This part was crucial since if the system was not enriched with 
helium there was a great possibility for the platinised carbon to be damaged, which could 
had been a very expensive exercise. Also the platinised carbon will combust if hot and 
exposed to air or oxygen.
• After ensuring that the system was well purged and enriched with helium, the 
pyrolysis furnace temperature was set to 1,000°C and the oxidation furnace temperature to 
670°C and the instrument was turned on. The furnaces were heated gradually, for over 24 
hours, in order to stabilise the temperature of the analyser.
• Once the temperature of the furnaces was stabilised the detector was switched on, 
and the analyser was left inactive for a further 24 hours in order for the detector 
temperature to stabilise.
The time designated for the whole of the above procedure to be completed and the 
analyser to be brought to the operating condition was about a week. At this stage the 
analyser was ready to be conditioned.
• The purpose of conditioning the system with hydrocarbon which does not contain 
oxygenate, was to create a carbon rich environment, in order to ensure the complete 
conversion of the oxygen containing compounds to carbon monoxide. Therefore this stage 
of preparation was also critical, prior to starting the determination of oxygen. The 
conditioning procedure was carried out by introducing approximately lmg of sucrose to
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the system and treating each run as a sample, without determination. This experience 
proved that for the initial start up approximately 100 runs of sucrose were required before 
being able to establish constant K factors (for oxygen analysis they are referred to as K0) .
• The only way to ensure that the equipment was well stabilised and conditioned 
were when the blanks proved to be constant. Once at this stage the equipment was finally 
ready to be used for the determination of total oxygen.
»
Note: Additional daily conditioning of the equipment is an absolute necessity prior to 
analysis, which would mean about four or five runs of sucrose. Table 2.1 demonstrates the 
operating conditions that were used in this work.
i
2.4.3 REAGENTS
Major reference samples were:
a) Iso-octane (HPLC grade)
b) Iso- propyl alcohol (HPLC grade)
TABLE: 2.1: OPERATING PARAMETERS FOR OXYGEN ANALYSIS
Combustion Temperature 1000°C
Reduction Temperature 670°C
Combustion Time 60 seconds
Purge Time 15 seconds
Fill Time approximately 140 seconds, as long as it is 
stable
Sample Weight 2.0-5.0 milligrams
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FIGURE 2.4 PACKING ARRANGEMENT OF OXYGEN ANALYSER
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2.4.4 SAMPLES OF GASOLINE:
A wide range of commercial fuel samples were analysed in this work. These are numbered 
samples 1-100. Samples were sub sampled into vials of 20 ml volume. These were stored 
in closed vials with the minimum of head space in order to avoid oxidation, and were kept 
at -18°C or below. Before sampling the bottles were allowed to warm up to ambient 
temperature for 15 minutes before use.
In order to carry out this work without any reduction in the accuracy of the determination, 
it was of critical importance to use high quality reagents.
Since the presence of trace level water in the sample can also be detected together with 
the oxygen, yielding erroneous results, all the reagents used for calibration standards were 
dried by passing them through sodium anhydrous sulphate prior to the preparation. The 
samples were also kept in a laboratory refrigerator designated for storage of chemicals.
2.4.5 CALIBRATION
For increased accuracy in establishing the oxygen K factor two types of 
calibration procedures were used in this work.
1- Calibration procedure using solid standard with known amount of oxygen ( benzoic 
acid = 26.20 % w/w oxygen).
The blanks used in this procedure were empty silver capsules.
2- Calibration procedure using in-house standard solutions.
For increased accuracy, the oxygen K factor (Ko) was established using standard 
materials closely approximating to the composition, weight, and molecular structure of the 
sample to be analysed. The blank which was used in this procedure was iso-octane, (the 
same solvent which was used for the preparation o f in-house standards) in a sealed silver 
capsule. Six standard solutions of known concentration were made up in the range of 0.8 
% w/w to 3.5 % w/w of oxygen using iso-propyl alcohol in iso-octane.
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2.4.5.1 ESTABLISHMENT OF BLANKS
Prior to analysis the pressure of the helium inlet had to be adjusted in order to have a 
stable fill time.
The system was conditioned by running unweighed sucrose several times prior to any 
calibration in order to produce a carbon rich environment. This was followed by a few 
blank runs until stable blanks were obtained. Despite the fact that the blank values 
obtained in this work were relatively high, as they were constant therefore they were 
acceptable for use in the calculations. It must be noted that to obtain reproducible blanks 
was not an easy practice. It was partially dependent on how the system was conditioned 
and how frequently the instrument was going to be used, and how long the intervals were 
between each run. If the instrument had not been used for more than one hour, an 
unweighed conditioner had to be run prior to any calibration or sample determination. 
Table 2-2 demonstrates typical example of blank values.
2.4.S.2 ESTABLISHMENT OF K FACTOR
After ensuring that the blanks were constant and satisfactory, the standards were analysed 
and the K0 factors of in house standards and the solid certified standard were determined 
Table 2.2 shows an example of the work sheet related to the results obtained from the 
interfaced computer. Results are compared. Table 2.3 tabulates the comparison of these 
I<o factors which shows similar results. An average Ko factor for oxygen would range 
from 17 to 22 mv / mg.
After establishing the K0 factors, the range of standard blends using high purity IPA in iso­
octane were analysed as unknown samples, in order to validate the linearity of the method 
within the range of interest, and the calibration graph of % w/w oxygen content against 
the response of the instrument (corrected integration counts) was drawn. They have been 
correlated against the theoretical values and the deviation has also been tabulated. See 
Table 2.5.
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Figure 2.5 demonstrates linearity of % w/w oxygen content in relation to the corrected 
integration count. Table 2.4 tabulates the integration count in relation to % w/w of 
oxygen.
Note (a)
Co = ( R o - Z o ) - B 0 
where
Co = Corrected integration count
Ro = Read out of CO2 (O2 combustion products) + helium 
Z0 = Helium passing through the detector (background)
B0= Blank (oxygen present in empty capsule or solvent and capsule)
1
\
* It is important to note that since the analyser was interfaced into the computer, in order to
obtain automatically calculated results, it was necessary to use the range of in house 
standards SI- S6 (see page9)
2.4.6 SAMPLE PREPARATION
Due to the volatile nature o f the samples used in this work every effort had to be made to 
eliminate any loss of the sample as a result of incorrect weighing and sealing of the 
capsules. A suitable amount o f sample was encapsulated in a silver capsule (maximum # 3 
mm diameter). The following steps were then taken:
a) The micro balance was located in an absolute draught free and stable 
position and calibrated before use with NPL weights,
b) The micro-balance was tared with an empty silver capsule.
c) The silver capsule was placed in the sealer and approximately 3 to 5 micro 
liter of sample was injected into the capsule and then immediately sealed.
d) The sealed capsule was washed in acetone in order to remove any residual 
sample present outside of the capsule. Then it was dried in air, before re­
weighing; the balance reading was taken to give the actual weight of the 
sample.
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TABLE: 2-3: SPREAD OF K OXYGEN FACTORS USINGIN HOUSE
STANDARDS
Standard I.D. K Oxygen
18.41
19.20
S I 18.60
19.10
19.20
S 2 20.01
19.81
18.67
S 3 19.20
18.91
18.45
S 4 17.95
17.71
18.14
S 5 20.12
17.11
2.4.7 PROCEDURE: OXYGEN SPECIFICATION
Note: Until the Summer of 1998 the FIA specification for the oxygen content in 
specialised racing fuels was set at 3.70 w/w% and only recently has it been reduced to
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2.70w/w%. Therefore most of this work has been based on the old specification of a 
maximum content of 3.70%w/w oxygen.
The various fuels were categorised into the following classes.
a) The determination of oxygen content in gasoline below 1.00%w/w of oxygen. In this 
work normal conventional gasoline was analysed.
b) The determination of oxygen content in gasoline containing 1.00- 3.00% w/w oxygen. 
Different samples of specialised fuel were analysed, most of them being racing fuel.
c) The determination of oxygen content in gasoline containing 3.00-3.70% w/w 
Different samples of specialised fuel, with oxygen content above 3.%w/w were 
analysed, most of them being specialised racing fuel.
No attempt was made to protect the samples, e.g. by drying, due to possible loss of 
volatile oxygenate present in the fuel. The results from the computer were edited using the 
blank value and K0 factor.
TABLE: 2-4: CALIBRATION GRAPH OF ISO PROPYL ALCOHOL IN 
ISO-OCTANE
% w/w Oxygen Content Corrected Integration 
Count
0 ( blank) 850
0.8 1620
1.5 1949
2.5 3008
3.0 3870
3.5 4199
4.0 4849
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2.5 RESULTS & DISCUSSION
Over one hundred types of commercial gasoline samples were analysed, many of which 
were also analysed by using other techniques, such as GC-MS. In Table 2.5 a selection of 
these results are presented, along with the results from the six standards used.
FIGURE: 2.5: CONCENTRATION OF OXYGEN WAV %
w/w %
Table 2.5 also includes the theoretical value for the standards and the estimated values as 
predicted by the commercial suppliers.
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TABLE: 2.2 CALCULATED BLANK VALUE AND I< FACTOR OF DIFFERENT
STANDARDS
03-14-1997 14:23:01
Run Type MAN I.D .= STDS W t.=
Counter # 594 Run# 13
PT- 120 CT- 60 FT- 137
BO= 1393 BH- 100 BN= 20 KO=
KO- 23.000 KH- 70.000 K N - 8.300
OZ- 2928 HZ- 2783 N Z- 2870
OR= 5500 HR= 21564 N R - 3308
R- Z= 2572 R-Z= 188 R-Z= 438
03-01-1997 15:07:43
Run Type MAN I.D = STD5 Wt. =
Counter # 555 Run# 4 FT- 79
PT- 120 CT- 60
BO= 1260 BH- 100 BN= 20 KO=
KO= 23.000 KH- 70.000 K N - 8.300
OZ- 3001 HZ= 2784 N Z - 2839
OR= 5884 HR- 21633 NR- 3131
R-Z= 2883 R-Z= 18849 R-Z- 292
03-01-1997 14:24:38
Run Type MAN I.D = blank Wt. =
Counter # 553 Run# 2 FT- 74
PT- 120 CT= 60
BO - 50 BH- 100 B N - 20 BO -
KO= 23.000 KH= 70.000 K N - 8.300
OZ- 3520 HZ- 2845 N Z- 2895
OR= 4780 HR- 3328 N R - 2926
R- Z= 1260 R-Z- 483 R-Z- 31
03-01-1997 15:49:02
Run Type MAN I.D -S T D S W E­
Counter # 557 Run# 6
PT= 120 CT- 60 FT-
B O  1260 BH- 100 B N - 20
K O  23.000 KH- 70.000 K N - 8.300 K O-
OZ- 2789 HZ- 2784 NZ= 2818
OR= 5615 HR- 22879 N R - 3119
17.11 K H -70.00 K N -8.30
20.12 KH= 70.00 K N - 8.30
1260 BH- 483 BN=31
83
18.14 K H -70.00 K N -8.30
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03-14-1997
TABLE: 2.2 CALCULATED BLANK VALUE AND K FACTOR OF DIFFERENT
STANDARDS
Run Type MAN I.D.= blank Wt. = 1725.0 ug
Counter # 470 Run# 8
PT= 120 CT= 60 FT- 134
BO - 50 BH= 607 B N - 77
K O  -23.000 KH- 70.000 K N- 8.300 BO- 1536 BH - 11173 B N - 133
OZ- 3014 HZ- 2822 N Z- 2861
OR= 4550 HR- 13995 N R- 2994
R- Z= 1536 R-Z- 11173 R-Z= 133 #
03-14-1997 14:06:08
Run Type MAN I.D.= STD4 Wt. = 2620.0 ug
Counter # 593 Run# 12
PT" 120 CT- 60 FT- 132
BO­ 1393 BH= 10 B N - 77
KO- 23.000 KH= 70.000 KN= 8.300 K O  17.71 KH= 70.00 KN= 8.30
OZ- 2903 HZ= 271 NZ= 2865
OR- 5688 HR— 2428 NR= 3315
R- Z= 2785 R-Z- 2147 R-Z= 450
03-14-1997 14:06:08
Run Type MAN I.D .= STD4 Wt. = 2620.0 ug
Counter # 593 Run# 12
PT— 120 CT= 60 FT- 132
BO= 1335 BH - 10 B N - 20
KO- 23.000 KH- 70,000 KN= 8.300 KO- 18.45 KH= 70.00 K N - 8.30
OZ- 2903 HZ= 271 NZ= 2865
OR- 5688 HR= 2428 NR- 3315
R- Z= 2785 R-Z= 2147 R-Z= 450
03-14-1997 14:23:01
Run Type MAN I.D .- STD4 Wt. = 2297.0 ug
Counter # 594 Run# 13
PT- 120 CT- 60 FT- 137
BO­ 1335 BH - 10 B N - 20
KO- 23.000 KH- 70.000 K N - 8.300 KO- 17.95 KH- 70.00 K N - 8.30
OZ- 2928 HZ- 274 NZ- 2870
OR- 5500 HR- 2154 NR- 3308
R -Z - 2572 R-Z- 1880 R-Z- 438
02-11-1997 12:53:44
Run Type MAN ii
qj—
I STD4 Wt. = 2392.0 ug
Counter # 499 Run# 10
PT- 120 CT- 60 FT- 145
BO- 1044 BH - 607 B N - 77
ICO- 23.000 KH- 70.000 K N- 8.300 KO- 20.19 KH-70.00 K N -8.30
OZ- 2888 HZ- 2815 N Z- 2858
OR- 5381 HR- 22270 NR- 3105
R -Z - 2493 R-Z- 19455 R-Z- 247
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TfiftT
Wt. —
FT= 76
%0= 2.29 %H=4.36% %R=91.21
Bad results due to the presence of oil in fuel
:&38 FIGURE:3 .6 ANALYSIS OF TWO STROKE MOTORCYCLE FUEL
SAMPLE: 83
Run Type MAN i .d =
Counter # 676 Run# 18
PT= 0 CT= 60
BO= 355 BH= 100 BN= 20
KO- 3.010 KH= 70.000 KN= 8.300
OZ= 484 HZ= 2714 NZ= 2796
OR= 082 HR= 15656 NR= 3563
R-Z= 578 R-Z= 12942 R-Z= 767
4 .8 0 1
• 6  .5 3 0
6 . 3 H 5
. 3 0 4
t i m e t r b l e  s t o P
UN# 2 0 2 2  RPR 1 5 ,  1 9 9 ?  1 4 * 4 8 * 2 1
ETHOD NRME * M*TTM.MET
Two stroke Motor Cycle Fuel
Density =  0.7368 g/cm3
Oxygenate =  7.35 % v/v
Oxygen content by calculation. =  1.34 %w/w
t TM
u z - m z n
RT TYPE RRER UIOTH CRLtt 2 U / U NRME
2 . 9 1 1 PU 9 3 5 7 . 0 4 0 1 . 0 1 4 ME0H
3 . 1 9 9 UB 1 5 9 6 6 . 0 4 7 2 . 0 1 6 ' ETQH
3  . 5 9 3 UU 1 8 2 5 2 1 . 0 6 0 3 . 1 6 4 IPf l
4 . 3 2 7 UB 5 6 8 2 8 . 8 7 7 4 . 0 4 1 N-PROPflHOL
4 . 8 0 1 SHH 9 1 6 4 6 4 6 . 0 8 2 S 7 . 3 4 ? MTBE
S . 2 4 0 TBU 1 7 9 0 B 0 . 0 6 7 6  ‘ . 1 3 0 s - b u t r n u l
5 . 9 9 2 7UU 1 9 7 7 5 B 5 . 1 6 1 7 1 . 4 5 9 7 BEE
8 . 3 B 5 .TUU 8 7 4 1 2 5 4 .1 0 0 88. IS TD
7 . 1 0 6 TPU 7 7 1 2 9 . 1 8 7 9 . 0 5 2 N-BUTANOL
7 . 3 9 Q TUU .9 7 1 2 9 2 . 0 9 0 1 8 . 3 9 8 BENZENE
B . 1 1 8 TUB 7 9 3 4 2 5 . 1 1 4 11 . 5 3 3 TRME
TOTAL RRCA“ 3 . 3 9 1 6 E + 8 ?  
MUL FRCT0R“ i . 0 0 0 0 E + 0 0  
XSTO RMT=*5 . 0 0 0 8 E - H 3 0  
SAMPLE: R M T * 9 . 5 0 0 0 E > 0 1
61'
The blank values obtained in this work were relatively high, but stable. Therefore it was 
possible to utilise the blanks in the calculations. However, difficulty was experienced with 
not being able to analyse below the 1.00 w/w % detection of oxygen limit since the high 
blank value caused an obstacle to analysis below the 1.00 w/w % level. Efforts to reduce 
the blank value failed.
The K0 factors obtained in this work were in the range which corresponded to the 
published ASTM method.
It is crucial to indicate at this point that the type of oxygen analysis performed here is not 
only for conventional gasoline but also for specialised racing fuel, which depend upon the 
type of sample blending. It is often the case that blenders push to the ultimate limit the 
amount of oxygenates present for additional enhancement of vehicle performance. 
Therefore it is critical that any oxygen analyses can estimate this maximum limit within +/-
0.01%. This is well outside the +/- 0.3% tolerance possible from elemental analysis. 
Linearity of the standards used here was well proven. One reference sample was used on a 
daily basis in order to check the performance of the equipment.
The calibration graph Figure 2.5 shows the relationship between .oxygen content and 
response, which proves linearity over 0.8w/w% oxygen.
The sample results are tabulated in the table 2.5.
The first six samples o f standards have been used both as reference samples for the 
validation of the recovery and performance of the analyser. These standards are the same 
as used for establishing the K0 factor. Also samples of gasoline with known results of 
oxygen content (correlated against the supplier's estimated value and the other techniques) 
were used on a daily basis. The S4 and S 5 standards were the most useful for this work. 
Interpretation of the results has been placed in the following categories,
a) Low level oxygen content (below 1%):
The reference sample of SI, which contains less than 1.00w/w% oxygen is a good 
example of the problem that was faced when the concentration of oxygen was below this 
level. Another example of trying to reach low level concentration is demonstrated in 
sample 81. The specification indicated by the supplier was <0.25w/w% oxygen, although 
the results obtained from the elemental analysis showed oxygen presence of 0.87w/w%.
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The high recovery for the low level oxygen content using this technique in the work was 
not systematic, and yet on some occasions the results obtained correlated with the 
expected results. However the direct determination of oxygen analysis has always been 
one of the most sensitive. It is more prone to error due to various reasons as follows:
- Absorbency of water by the sample
- Contamination from the atmosphere
- Air entering the system when opening and closing the system
i
- The instrument not being conditioned well
Therefore the analysis of low oxygen content in the sample means that the smallest 
variation in the parameter can make a big difference in the results. Obviously for high level 
concentration there is more room for discrepancy,
b) Medium level oxygen content: 1.00-3.00 w/w %oxygen
The reference samples of S4 and S5 proved the linearity of the work in this range. Also 
samples of gasoline which were used for reference responded well. From the quantitative 
viewpoint no problems had been experienced in this range. The quantitative analysis 
yielded satisfactory results for the analysis o f conventional gasoline and specialised fuel 
containing oxygen regardless of the type of oxygenate present in the fuel.
However the problem was encountered when the fuel contained oil, such as the case with 
some of the motorcycle fuel. The reason for this was the presence of some of the 
interfering elements such as phosphorus, lead and silicon in the additive present in the oil. 
Samples 70 and 75 are good examples indicating this problem. Sample 70 was estimated 
to contain 3.36w/w% oxygen although the results obtained from the elemental analysis 
determined 2.62w/w% oxygen. Sample 83 also demonstrates a good example of two 
stroke motorcycle fuel where the results of the elemental analysis are compared against the 
other GC methods, see Figure 2.6 As may be observed from sample 83 the elemental 
analysis results obtained have a lower recovery than those obtained from the GC analysis. 
As discussed earlier the reason for this is the presence of additives in the lubricating oil. 
Apart from not being able to get the correct results the combustion system can be 
seriously damaged, which could lead to a long delay in setting up the apparatus by re­
packing the tubes, also creating greater expense and loss of time. Therefore every effort
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was made to gain knowledge of the type of additives prior to testing, which was not 
always possible.
c) Analysis of samples with high oxygen content: 3.00w/w%-3.70 w/w %.
The reference standard of 4.00w/w% was also used for preparing the calibration graph. 
However, since the upper permissible oxygen limit in the gasoline was 3.70w/w% it meant 
that extra care had to be taken. As discussed previously there was some concern about the 
importance of two decimal point accuracy in obtaining the oxygen content result. This 
created some problems in the analysis of the samples with a high content of oxygenates 
which would push the oxygen content to between 3.60w/w% and 3.70w/w%. Samples 42, 
48 and 49 shows the results containing oxygen close to the upper limit of specification 
* (3.70 w/w%). As it is obvious from sample 49, 3.8Iw/w% w/w is off specification by this
method. However the difference in the replicates could raise the question whether the 
results are correct or not. It is at this stage that all the interference factors come into 
consideration and the reference sample being analysed at the same time as using the other 
method becomes essential. The elemental analysis results for oxygen in sample 42 shows 
oxygen content of 3.72w/w%, which is only just within the acceptable repeatability range. 
With further reference to the tabulated results in Table 2.5, samples 61, 64, 63, 79, are 
examples of good correlation with the suppliers estimate in the range of 2.00w/w%- 
3.00w/w%. Samples of 76, 72, 73 are very good examples of the correlation with the 
estimated value.
In the chapter seven the elemental results are tabulated for comparison purposes with the 
calculated values of both the GC and GC/MS results.
The elemental figures showed better correlation at higher concentration rather than lower 
concentration with the expected results from other methods.
Another area of difficulty was keeping the blank value stable, and it was necessary for it to 
be checked after a few sample runs. A decrease in the blank value was a good indication 
that the system had to be reconditioned. K oxygen factors did not seem to be effected and 
the K0 factors obtained by either calibration procedure were very repeatable.
From the quantitative results shown in Table 2.5 it can be concluded that those samples 
containing estimated oxygen within the range of 2.00w/w% to 3.50w/w% yielded the best 
results that were closest to the estimated value.
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TABLE: 2.5 RESULTS OF OXYGEN CONTENT WAV % BY ELEMENTAL ANALYSIS
Sample3
Oxygen content w/w%
Aw/w% Oafrom 
elemental analysis
Estimated 
results by the 
supplierc
Theoretical 
Value d 
w/w% 0 2
si 1.40 * 0.80 +0.60
S2 26.9 26.20 0.70
S3 2.18 - 2.00 +0.18
S4 3.09 - 3.00 +0.09
S3 3.58 - 3.50 +0.08
S 6 4.68 - 4.00 0.68
81 0.87 <0.25 * 0.80
82 1.54 0.50 - 1.04
61 2.94 2.80 - 0.14
62 2.95 2.70 - 0.25
63 2.41 2.50 - 0.11
64 2.08 2.00 - 0.08
65 2.84 2.80 - 0.04
66 1.79 1.70 - 0.09
67 1.83 1.80 - 0.03
68 1.89 2.00 - 0.11
69 1.87 1.75 - 0.12
70 2.62 3.36 - 0.74
71 3.75 3.60 - 0.15
72 (REF)b 3.67 3.70 - 0.03
73 3.50 3.50 - 0.00
74 3.72 3.60 - 0.12
75 3.62 3.00 - 0.62
76 3.40 3.50 - 0.1
7 2.66 3.00 - 0.44
1 3.61 2.70 - 0.91
24 2.25 2.00 - 0.25
26 2.29 1.50 - 0.79
36 1.18 1.20 - 0.02
77(REF)b 3.53 3.50 • 0.03
78 2.19 2.00 - 0.19
79 2.79 2.70 - 0.09
80 2.99 3.00 - 0.01
65
CONTINUATION OF 
TABLE:2-5 RESULTS OF OXYGEN CONTENT WAV % BY 
MICRO-ELEMENTAL ANALYSIS
Sample8
Oxygen content \v/vv%
A
w/w% O2from 
elemental analysis
Estimated 
results by the 
supplierc
Theoretical 
Value d 
w/w% 0 2
83 2.29 1.34 “ +0.94
84 3.55 3.50
'
0.05
85 3.62 3.50
'
0.12
86 3.75 3.70 " 0.05
87(REF)b 3.53 3.53
'
0.00
a) Samples 1-80 were from commercial suppliers; S1-S6 are reference standards.
b) Samples 73,77and 87 from commercial sources were used for comparison and 
reference(for test).
c) Values given by supplier.
d) Calculated for the prepared standards S1-S6.
The absolute precision of the method has not been determined. This would require a 
standard 'round robin' exercise with appropriate support from an agency such as the 
Institute of Petroleum.
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3.1 INTRODUCTION
Chromatography is essentially a physical method of separation in which the 
components to be separated are distributed between two phases: one of these is a 
stationary phase bed and the other is a mobile phase which percolates through this bed. 
The chromatographic process occurs as a result of repeated sorption/ desorption acts 
during the movement of the sample components along the stationary bed, and the 
separation is due to differences in the distribution constants of the individual sample
69 *components.
3.2 PRINCIPLES OF GAS CHROMATOGRAPHY
There are broadly three modes in which GC is carried out:
1. gas-liquid chromatography (GLC) using a packed column with the liquid stationary 
phase coated onto inert support particles;
2. capillary column GC where open tubular columns are used with the liquid or solid 
stationary phase coated onto the inner walls of the column tubing referred to as 
wall coated, porous layer and surface coated open tubular columns (WCOT, PLOT 
and SCOT); and
3. gas-solid chromatography (GSC) using a packed column with the solid surface of 
the particles forming the stationary phase, for example, alumina or a cross-linked 
polymer.69
In each case the mobile phase is an inert gas transporting components as a vapour over 
a stationary phase, separation being effected by interaction of the individual 
components with the stationary phase resulting in retardation according to their 
distribution ratio (.K):
Csp
K =  -------
Cmp
where Csp is the concentration of the component in a unit volume of stationary phase 
and Cmp is the concentration of the component in a unit volume of mobile phase.
In GC the distribution ratio is dependent on the component vapour pressure, the 
thermodynamic properties of the bulk component band and affinity for the stationary
68
phase. The equilibrium is temperature dependent and, therefore, the stationary phase 
column must be precisely and accurately maintained.69
Mobile phase - vapour pressure
COMPONENT ^Distribution according to K  and
temperature
Stationary phase - affinity for SP 
The relationship between the vapour pressure, p°, and temperature is described by the 
Clasusius Clapeyron equation:
AHv
In (p°) =  ------------ + C
RT
where AHy is the molar heat o f vaporisation of the component, R  the gas constant, T 
the column temperature and C a constant. Retardation of a component and therefore 
its specific retention volume, Vg, will vary inversely with temperature. Also, when the 
activity coefficient of the component is unity AHv + AHs -  0, where AHS is the molar 
heat of solution, the above equation can be modified by substituting for In(p°) and AHy
Vg cc —]—  and In ( Vg) cc - In (p°)
P°
also AHS = - AHy
therefore In (Vg) = - AH* + C 
RT
Specific retention volume is the net retention volume (Pb) of component per unit 
weight of the stationary phase, Ws:
Kn
ys= —
Ws
It follows that the net retention volume and therefore the adjusted retention volume 
(F r) and retention volume (VR) vary as the logarithm of 1/1 Similarly, adjusted
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retention time (V'r )  and retention time (Vr )  will decrease logarithmically as temperature 
increases.69
AHs AHs
therefore, In(FR) oc  and In(/R) oc------
R T  R T
The relative retention factor, a , for an adjacent component pair A  and B  will also 
depend on the column temperature.
(AtfsB-AtfSA)
In(ot) = - ---------------------  + C
RT
\
The component with the longer retention time, B, will have the higher heat of solution 
in the stationary phase. Relative retention will therefore decrease as the stationary 
phase column temperature increases and the components will elute closer together. 
Hence the importance of selecting the best column temperature and the value of 
temperature programming in optimising a separation.
3.3 COLUMNS
The key to good GC separations is to use the most appropriate stationary phase and 
column at the optimum mobile phase velocity and column temperature. The main 
factors to consider when specifying the system for analysis of a given sample mixture 
are:
® to note the boiling point range and vapour phase characteristics of the components 
and number of components;
• to identify the polar and non-polar characteristics of the components in the mixture 
and their functional groups;
• selection of a stationary phase/ column system and stationary phase film thickness 
to give the required selectivity and separation factors;
• optimising the carrier gas velocity for the fastest analysis time and minimum dead 
time set at the elution temperature of the critical pair of peaks; optimising the
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temperature programme or selecting the best temperature for isothermal analysis; 
and
• testing the system using a standard mixture either representative of the samples to 
be analysed or a mixture which includes compounds of differing polar character 
and boiling points.69
The column is one of the most important features of a GC system. It contains the 
stationaiy phase and thus effects the separation of components in a mixture.
3.3.1 PACKED COLUMNS
The packed column consists of 1/4 or 1/8 in (6.35 or 3.17mm) o.d., 2-4 m long glass 
or metal tubing packed with either adsorbent particles or stationary phase-coated 
particles, typically 60-80 (0.25-0.2mm) or 80-100 (0.2-0.15mm) mesh size range. A 
well packed column has 1000-2000 separation steps (theoretical plates is discussed in 
section 3.4) m'1, in contrast to capillary columns, where 2000- 5000 separation plates 
m"1 are obtainable.69
3.3.2 MICRO PACKED COLUMNS
In principle the efficiency of a packed column can be improved by increasing the 
number of separation steps (theoretical plates) in the column either by using a longer 
column or by reducing the particle size of the packing material. Micro packed columns 
have typical efficiencies between conventional packed columns and wall coated open 
tubular capillary columns. Micro packed columns have an internal diameter of less than 
1mm and a particle size, dp, to column internal diameter, dc> ratio of less than 0.3, 
typically between 0.1 and 0.3. 
dp
—  < 0.3 
dc
Suitable packing materials have a particle size between 0.2 and 0.08 mm 
(80 and 200s) 69
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3.3.3 CAPILLARY COLUMNS
Capillary columns, and in particular WCOT columns have very high efficiencies 
compared to packed columns, mainly because of their length and the unrestricted path 
for the mobile phase. Columns are now available where the stationary phase is 
chemically bonded to the column wall and is laid down as a film of varying thickness. 
Columns with high thermal stability are produced enabling separations to be carried 
out over a wide temperature range. Rapidly eluting peaks have a lower retention ratio, 
k, requiring high column efficiencies for good resolution. Conversely well retained high 
boiling point compounds have higher K  values, K>7, and therefore require high 
temperatures to achieve elution in a reasonable analysis time. High column efficiencies, 
a wide temperature programming range and good selectivity enable complex mixtures 
to be analysed.69
3.4 BAND BROADENING
Band broadening during chromatographic separation is a result of a number of random 
molecular processes. These may be broadly grouped into non- column and column 
effects.
Non- column band broadening is due to the dispersion of component molecules in the 
dead volume (volume of mobile phase between the injection port and detector which 
does not contain the stationary phase, causes excessive band broadening) of the 
chromatographic system.
Column band broadening is a result of three molecular diffusion processes, described 
by the Van Deemter terms, A,B,C, random movement through the stationary phase 
particles diffusion in the mobile phase, and interaction with the stationary phase.69 
The theory, referred to as the 'random walk theory', assumes the progress of molecules 
through a column as a succession of steps with random dispersion processes occurring 
at each step. However, the mobile phase is continuously transporting the component 
molecules through the system. Thus, at a given equilibrium step the molecules try to 
attain the equilibrium defined by the distribution ratio, K, by association with the 
stationary phase, but in reality the true equilibrium will not be achieved. Molecules 
attracted onto the stationary phase will lag behind the central point of the moving band 
and the molecules remaining in the mobile phase will move more rapidly than the mean.
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Dispersion and hence band broadening increases with the number of transfer steps and 
decreases as the flow rate of the mobile phase decreases.69
Van Deemter and colleagues realised that there is an optimum velocity of the mobile 
phase at which band broadening would be a minimum and the separating capabilities of 
a column would be highest. They identified three parameters, designated A,B, C, that 
contribute to band broadening based on the kinetic and thermodynamic processes that 
occur during elution. Separating capability of a column depends on the number of 
theoretical steps or plates, N, in a column. The maximum number of steps in a column 
will be achieved when the chromatograhic parameters such as temperature, type of 
mobile phase and stationary phase and mobile phase velocity are optimised to give the 
minimum step or plate 'height'. Step height, H , is therefore used to express in simple 
terms the net effect of the band broadening processes in terms of the average velocity 
of the mobile phase, u . The Van Deemter equation, relating plate height to the 
average linear velocity and the band broadening parameters is:
B
H  ~ zlH ~+  C$ u + CmU 
u
Average linear velocity o f the mobile phase is used rather than flow-rate since it is 
directly related to the speed of analysis, whereas flow-rate depends on the internal 
volume of the column, u is obtained from the column length, L, and the dead time, 4*
L
u  =
The high separating capabilities of WCOT columns is attributable to much reduced
band broadening and rapid elution of components, reflected peak widths, wb, and
retention times. Since resolution, Rs, is a function of peak separation, A/r and peak
width, sharp narrow peaks allow resolution to be maintained even though more peaks
are separated in a given analysis time:
A/r A/r
Rs = ------------ -  --------
V fB b  2 W h B
The stationary phase is supported on the wall of the column, and therefore the carrier 
gas has an uninterrupted flow through the column. The absence of column packing
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means that the unequal pathways term, A term, in the Van Deemter equation is zero 
and broadening is due to the effect of longitudinal diffusion, B term, and mass transfer, 
C term.69
The reduced equation is referred to as the Golay equation.
B
Golay equation for WCOT column H  =  —  +  Cm U +  C$ll
U
L
and column efficiency, N  = ------
H
where H  is the equilibrium step height or HETP and u is the average linear velocity of
the carrier gas. Therefore column efficiency is defined by the number of theoretical
* plates or equilibrium steps in a column and reflects the column's ability to separate a
*
mixture of components with good resolution.
3.5 RESOLUTION
Chromatography is basically a separation process and is considered to be more efficient 
if the peaks are well separated both at the apices and at the base. In' quantitative terms, 
the separation is expressed by two parameters, i.e. the relative retention (or the 
separation factor,a) and the resolution, (Rs). The resolution is defined as the difference 
in retention times of the two peaks divided by the average peak width at the base,
O rb  -  Ir a )  A / r  A tR
Rs = --------------------- = -----------------  * ----------------
1/2 ( w bA  +  W B b ) (whA +  W hb) 2W H b
Rs = 1.2, peak overlap< 1.0%
Rs = 1.0,peak overlap « 2.3 %, peak separation = 4a 
R s=  0.75, peak overlap » 6.5% peak separation = 3a 
Rs = 0.5, peak overlap « 16%, peak separation = 2a
Resolution may also be defined in terms of efficiency, retention properties and 
separation capabilities of a column by the following equation derived from the 
theoretical work of J.H. Purnell.69
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3.6 RETENTION TIME tR
It is the time interval between the introduction of a sample and elution. Corrected 
relative retention time f R is a more accurate measure of delay due to retention forces 
and takes into account the system dead time, the time the mobile phase takes to pass 
through the system, 70 
I'r ~tR-tM
3.7 GC ANALYSIS OF GASOLINE SAMPLES
Amongst all the instrumental techniques gas chromatography in particular has, and will 
continue to be, the key instrumental technique for the measurement of gasoline 
parameters and fuel additives. •
The range and variety o f applications in the oil and gas industry to which gas 
chromatography has been applied demonstrate the versatility and scope of the 
technique. The increasing sensitivity of a technique and automated data collection and 
processing, have contributed to the steadily increasing use of GC.33 
Currently various GC methods are employed by the oil industry related laboratories, 
mainly based on the packed and capillary GC with flame ionisation detection (FID).
3.8 THE ASTM D-4815 METHOD
3.8.1 INTRODUCTION
The method applies to the determination of C1-C4 alcohols and ethers such as MTBE, 
ETBE and TAME, by gas chromatography. This approach is supposed to exclude any 
serious interferences from other hydrocarbons that are present in a typical gasoline 
mixture. The method is based upon column switching and a back- flush system. The 
test sample is introduced into a micro-packed "polar " column and the components of 
interest are back-flushed according to their respective boiling points.(34) However, since
this method requires column switching and back-flushing systems, the separation of the 
components according to their boiling points without interference from the 
hydrocarbon is very dependent upon the time adjustment of the valve switch setting. 
This can be a tedious task and requires extra care to be taken to ensure that the valve 
switching is repeatable and, often, adjustments are required.
3.8.2 INSTRUMENTATION
The apparatus used for this work was a Carlo Erba GC 8340 series instrument. '
For the data presentation an HP 3396 integrator was used.
The complete system including the columns were supplied and configured by Fisons 
with the following components:
> • Analysis used split injector
• Analysis used FID
• 10 port valve air actuated
• All analytical connections were made inside the column oven.
Figure 3.1 shows the 10-port Valeo valve that has been plumbed in as follows:
© Port 1 wide bore fused silica connection to injector 
© Port 2 inlet to adjustable restrictor 
© Port 3 flow controlled pneumatic channel 
© Port 4 micro - packed column
• Port 5 vent
© Port 6 outlet from adjustable restrictor
• Port 7 wide bore analytical capillary column
• Port 8 wide bore fused silica connection to FID
• Port 9 wide bore analytical capillary column
• Port 10 micro - packed column
In summary the column connections are as follows:
• Micro- packed column to port 4 and port 10
• Analytical capillary column to port 7 and 9 
The valve can be in two positions A and B
1. In position A the following ports are connected together 
1 and 10, 2 and 3, 4 and 5, 6 and 7, 8 and 9
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2. In position B the following ports are connected together 
1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10 
The introduction of the sample was carried out with the valve in position A. The 
sample was taken onto the micro-packed column. The components of interest were 
then back-flushed from the micro-packed column into the analytical column when the 
valve switched to position B. The time of this switching is controlled by the setting on 
the GC.
Adjustment and control of the valve position and switching plays a major role in 
obtaining reproducible separation of the oxygenated components in the sample of 
gasoline. Any changes in the gas inlet pressure would have had an effect on the 
performance of separation of the components.
FIGURE 3.1
Iniection
Restrictor
Micro-packed
3.8.3 EXPERIMENTAL
3.8.3.1 OPERATING CONDITION
Column temperature : 60° C 
Injection temperature : 200°C 
The GC was equipped with a flame ionisation detector.
FID temperature : 250°C 
Sample size : 3pL
Split ratio : 15:1
Carrier gas: helium pressure 25Kpa 
Two columns, as follows, were used:
Polar Column TCEP Micro- packed column, 560 mm(22 in) by 1.6 mm(l/6 in) 
outside diameter by 0.38 mm ( 0.015in.) inside diameter stainless steel tube packed 
with 0.14 to 0.15 g of 20%(mass/mass) TCEP on 80/100 mesh Chromosorb (PAW). 
This column performs a pre-separation of the oxygenates from the volatile 
hydrocarbons in the same boiling range. The oxygenates and the remaining 
hydrocarbons were back-flushed onto the non-polar column.
Non-Polar (Analytical) Column, 30 m (1181 in.) long by 0.53 mm (0.021 in.) inside 
diameter fused silica WCOT column with a 2.6pm film thickness of cross- linked 
methyl siloxane.
3.8.3.2 PREPARATION OF APPARATUS
The first step was the adjustment of the flow rate and the valve switching system in 
order to obtain the optimum setting for a reproducible and well separated 
chromatogram. The relevant ASTM method was used here as a guideline for this 
adjustment. However an accurate setting was achieved by injecting the calibration 
mixture experimentally.
This process was extremely time consuming, and finally the optimisation was achieved 
using the calibration blend, and the resulting chromatogram appeared as demonstrated 
in Figure 3.2.
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FIGURE: 3.2 CHROMATOGRAM OF CALIBRATION STANDARD 
OF OXYGENATES (TTM) IN ISO-OCTANE (S7)
o  . CC JA
2 .906
c........ ............... ..... . _ ..... .
L u «
---  d .
c " 4 .394
L-5-.QJ.7----------------- ........ 1 ,nm ■" " " ' "  4 .
§:<Pi9
....  5 .2 3 d
L
------------i— — -1- - b .5b*t
7 .071
3 .265
C u m
7 .375
8 .157
TIMETABLE STOP
RUN# 2129 MfiY 16, 1997 12*27:28
METHOD NAME: M*TTM.MET
TTM
ISTD&-RRER
RT TYPE RRER UIDTH CflL# ?;u/u NAME
2 .906 SPH 2520720 .034 1 4 .975 MEOH
3 .265 SHH 3791590 .038 2 5 .090 ETOH
3 .620 SHB 4253123 .045 3 5 .127 IPA
4 .394 TPU 5241235 .059 4 5 .124 N-PROPANOL
4 .793 . TUU 4816147 _ .072 ___5 5 .016 MTBE
5 .236 TUU 5257037 .073 6 5 .139 S-BUTflNQL
6 .049 TUU 5182851 .094 7 5 .069 TBEE
6 .354 - TUB 6425776 .099 8a ISTD
7 .071 PB 5655840 .101 9 5 .115 N-BUTRNOL
7 .375 BB 9401632 .095 10 4 .994 BENZENE
8 .157 UP 5665616 .127 11 5 .074 TAME
TOTAL RRER®5.8264E+0? 
MUL fAC TO R« l-0000E+ 00  
ISTD  RMT = 5 .0000E+00 
SRMPLE RMTc 9 .5000E + 81
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3.8.3.3 REAGENTS
The standard components used for the calibration were as follows:
Methanol, ethanol, isopropanol, normal propanol, normal butanol, iso- butanol, 
secondary- butanol, MTBE, TAME, ETBE, benzene, iso- octane and tertiary - amyl 
alcohol (internal standard).
All the reagents were HPLC grade.
3.8.3.4 IDENTIFICATION
Firstly, the retention time of each component was recorded by the injection of a very 
small amount of each component. Table 3.1 demonstrates the physical properties and 
retention characteristics of the oxygenated components used in this investigation.
TABLE: 3.1 PHYSICAL PROPERTIES OF OXYGENATED COMPONENTS
Oxygenate Boiling Point
°C
Molecular
weight
Density
g/cm3
Retention 
time (mins)
methanol 64.5 32.04 0.7924 . 2.91
ethanol 78.3 46.07 0.8160 3.27
IPA 82.4 60.09 0.786 3.62
H-propanol 97.4 60.09 0.804 4.39
MTBE 55.0 88.15 0.740 4.79
sec- butanol 99.5 74.12 0.808 5.24
ETBE 72 to 73 102.2 0.742 5.92/6.05
tert- amyl 
alcohol 101.8 88.15 0.8059
6.35
//-butanol 117.7 74.12 0.8098 7.07
TAME 86.3 102.18 0.772 8.16
isobutanol 108 74.12 0.8053 5.81
2-methyl-3-
butyn-2-ol
104 84.15 0.8660 5.15
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3.8.3.5 CALIBRATION
The internal standard calibration method was used.
Multi - component standard solutions of oxygenates at the concentration ranges of 
interest by volume were prepared. The most applicable range of concentration used in 
this work was 5 % v/v of oxygenates in isooctane. Due to the peculiarities of the 
nature of some of the samples used in this work, the multilevel calibration was not 
found to give reliable results.
Therefore in the analysis of gasoline containing high concentration of oxygenates, over 
10 % v/v, the standards were still kept at the 5 % v/v and instead a duplicate analysis 
was carried out. This was achieved firstly by dilution of the gasoline samples to the 
range of 5 % v/v whilst the second set was carried out without dilutions to ensure the 
linearity of the method. With samples containing single oxygenates in veiy high 
concentration such as the sample of gasoline containing 20 % v/v MTBE, the diluted 
sample gave better results than without dilution.
After running the calibration standard three times and obtaining repeatable results the 
calibration data was introduced, and stored under the name of "TTM" in the memory 
of the HP 3396 integrator.
Note: The standard used is referred to as sample S7 in this thesis.
3.8.3.6 SAMPLING
Due to the nature o f the samples, every effort was made to ensure that the sample was 
representative of the original fuel. Upon the receipt of the sample they were chilled to 
0°C to 5°C in the original container and then they were sub- sampled. Sub samples 
were kept throughout in a tight container and remained chilled.
3.8.3.7 ANALYSIS OF THE SAMPLES
A wide range of samples were analysed covering conventional fuels with no 
oxygenates and also samples with the most complicated nature of oxygenated gasoline.
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3.8.4 RESULTS
The results are categorised according to the type of oxygenates present in the gasoline 
in the following manner.
a. Analysis results of conventional gasoline samples without oxygenates:
Analysis of conventional gasoline when the specification required oxygenate content 
results below the detection limit of 0.1 % v/v for individual oxygenates. This was not 
always possible and depended on the composition of the blend, which resulted in 
hydrocarbon interference (e.g. olefins interfere with MTBE in some cracked spirit's). 
Note: It was beyond the scope of this GC work to study the identity of the interfering 
substance.
An example of typical hydrocarbon interference is illustrated in the Figure 3.3. This is a 
gasoline sample not known to contain any oxygenates. However the chromatographic 
trace determines 0.53 % v/v of MTBE.
Another example of this is illustrated in the Figure 3.4, again where there are no 
oxygenates present in the gasoline. Once again, however, the chromatogram shows at 
the retention time of 4.90 minutes characterised as MTBE, at a concentration of 11.14 
% v/v . The chromatogram of the S7 standard, gives a retention time of the MTBE is 
4.80 minutes.
One more example of hydrocarbon interference is shown in Figure 3.5. In this the peak 
with the retention time of 4.91 minutes has been characterised as MTBE, with a 
concentration of 1.7 % v/v . In order to prove that the peak at this retention time is not 
MTBE, the sample was spiked with a known amount (3.0 % v/v) o f MTBE and 
rerun.(Figure 3.6). The registered retention time for spiked MTBE peak was 4.82 and 
at the same time the chromatographic trace shows a half way split on the peak at 4.92, 
due to the original component which therefore can not be MTBE 
The above difficulties illustrate that misidentifications can occur when analysis with nil 
specifications is carried out using just G.C. as the analytical technique.
b. Gasoline samples containing average concentration of oxygenates.
In the samples containing MTBE, IP A or ETBE, in general there were no problems. 
See Figure 3.7. However the operator still has to look out for the possibility of 
misidentification.
c. Gasoline samples containing a mixture of two oxygenates.
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Oxygenated gasoline with more than one oxygenate is a combination of one of the 
following two blends:
- Higher concentration of low molecular weight alcohols i.e. ethanol and more often 
IPA and a lower concentration of a high molecular weight ether. An example of 
this is illustrated in the chromatogram in Figure 3.8.
- Lower concentration of low molecular weight alcohols i.e. IPA and a higher 
concentration of high molecular weight ether or mixture of ethers. An example of 
this is shown in Figure 3.9.
Another example of interference is clear from the chromatogram showing in figure 3.8, 
The peak at 5.29 minutes corresponds to the retention time of secondary butanol, 
although it was subsequently found not to be secondary butanol, but an interfering 
hydrocarbon. This particular interference frequently occurs. (GC-MS identification has 
resolved this interference, which will be discussed later.
d. Gasoline samples containing high concentration of single oxygenates.
This applies to the use of single oxygenates, usually ethers such as ETBE and TAME, 
and, especially, MTBE, in specialised gasoline, where the blenders push towards 
reaching the nearest maximum limit of oxygen content, in order to boost the driving 
performance to the absolute maximum power. The results obtained from these types of 
samples were generally not problematic. (See Figure: 3.10)
e. Other systems
As a result of the practical problems which the author had been experiencing in the 
analysis of some of the more complicated gasoline samples (specialised fuels), 
additional work was carried out to study the co-elution of certain complicated 
compounds with the simple and commonly used oxygenates and which resulted in 
erroneous results (misidentification). Sample 94 is an example of this type of 
misidentification, where the GC had identified the oxygenate present in the sample as 
secondary butanol although the oxygenate present was 2-methyl-3-butyn-2-ol (triple 
bonded alcohol).
In order to investigate this mis-identification, the individual chromatograms of isobutyl 
alcohol, sec-butyl alcohol and 2-methyl-3-butyn-2-ol were obtained and their retention 
times were recorded. Table 3.2 below shows the relative retention times 
of these single components.
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FIGURE 3.3 : CHROMATOGRAM OF GASOLINE WITH NO OXYGENATES
SAMPLE 88
* RUN & 2130 MRY 16, 1997 14 :03 :22
STRRT
RUN# 2130 MRY 16 , 1997 14 :03 :22
METHOD NRME: M*TTM.MET
TTM
ISTD#-AREA
RT TYPE RREfl WIDTH CRL# #U/U NAME
2 .905 PU 25250 .039 i .051 MEOH
3 .262 UB 22294 .039 2 .030 ETOH
3 .574 PU 221413 .062 3 .272 IPA
4 .305 UP 175036 .107 4 .174 N-PROPANOL
4 .882 UB 495287 .099 5 .525 MTBE.i
5 .215 BU 253340 .073 6 .252 S-BUTANOL
5 .968 UU 588000 .101 7 .585 TBEE
6 .345 UU 6313888 .098 sa ISTD
7 .019 UU 169337 .154 9 ..156 N-BUTANOL
7 .360 UU 5978208 .112 10 3 .228 BENZENE
8 .079 UH 2565765 .1.26 11 2 .338 TAME
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FIGURE: 3.4 CHROMATOGRAM OF GASOLINE WITH NO OXYGENATES
SAMPLE: 89
*  RUN tt 2 2 6 6  JUN 1 8 ,  1 9 9 ?  1 5 i 3 4 i 0 3
START
RUN# 2 2 6 6  JUN 1 8 ,  1 9 9 7  1 5 - . 3 4 t 03
METHOD NAME: M+TTM .MET i
TTM
I S T D X - R R E R
RT TYPE RRER U IO T H CRL# X U /U NAME
2.931 PU 21050 .037 1 .036 MEOH
3 .220 U8 5878 .041 2 .007 ETOH
3.603 .PU 800539 .054 3 834. I  p a  *.
4 .360 BB 80999 .069 4 .068 N-PROHHN” !
4 .902 SHH 12369664 .071 5 11 .139 MTBE .
5.253 TBU 438294 .079 6 .370 S-BUTRNOL
6 .009 TUU 163314 .090 7 .138 TBEE
6 .389 TUU 7432243 .099 ea ISTD
7 .119 TPU 12410 .084 9 .010 M-BUTRNOL
7 .407 TUU 2681930 .104 10 1 .232 BENZENE
8.128 TUB 465045 .107 i i .360 TRME
TOTAL R R E R * 3 . 6 3 5 3 E + 0 7  
MUL r f l C T O R « 1 . 0 0 0 0 E * 0 0  
I  STD RMT = 5 . 0 0 0 0 E + 0 0  
SRMPLE R M T = 9 . 5 6 0 0 E + 0 1
4 . 9 0 2
V
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FIGURE: 3.5 TYPICAL HYDROCARBON INTERFERENCE IN THE 
CHROMATOGRAM SAMPLE :90
L l  J ; » -• — - -
* RUM s  2 2 1 -  J U h  9 ,  ; 4 : '  1 4  I 3 2  s 4 3
ST PUT
RUN# 2214 JU {I* I S3? 14* 32 :43
METHOD NAME* fTtf .MET
r t (4
1ST C - H Y L ri
-T TYPE BRER ?;IQTH C fit 0.- U SPUE
2 .327 F 0 S >6 2 3 7 . . 74 2 1 . 398 ’ IEOH
3 .283 PB 235284 . .837 •n4*. . 2 8 cj ETCH
3 .604 PE 34S79S <3 6 2 3 .471 I PR
4 .355 PB 334492 : .834 4 .236 ri-rRGPRHOL
4 .S ib SS 2215989 .530 5 1 .6 S 7 • r‘‘ T 5 c.
S .252 SP I3452Q7 .380 6 . 950 S-5UTRHGL
6 026 US 102S?4 .175 -*i . 073 TEEE
6 . ??? :. ij 3395814 . 1 s> 0 sa I ”  D
7 .060 PU ■; o? FRF .397 3 .119 f-- SUr-PHOL
7 417 uu 2222451 . 1,8 Q 18 ... . £53 VXliZZttE
a . j. r r L’H 9 b 6*166 . 1 i  5 11 .626 : s/iE
TGTRL R F E R - 2  . 3 3 8 5 E + 0 7  
"RCTGR-1 .UB0BE+Q0 
I STD BUT =-5 . 3 8 B 0 E + 0 0  
£RYRLE RMT “ 9  .SOQ0E* 01  
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FIGURE: 3.6 CHROMATOGRAPHIC TRACE OF GASOLINE SAMPLE
WITH SPIKED MTBE SAMPLE : 90
* FUN  ^ 2219 JUH ? .  i  997 17 :25 :49
STRFi
RUN# 2219 -'UH r ,  1957 i  7 :2 5 :4 0
i ' £ THQD I R f * n*-7 7M.:lET
TTM .
15TD2-RFER
FT P T E BRER WIDTH c h l r : f  {.« j.a.-rr
2 .951 F? 541 50- .640 1 .968 :2CH
88 15917 .039 .019 £ ” 04
3 .203 P6 560957 . 653 '3 .656 : r r
4 .771 F3 5:54 b 3 0 .076 4 . 766 n-PFOFRHDL
4 . Si;0 EU 3355714 .071 5 2 .876 i -T BE
5 .255 FB . 1734173 .977 5 1 ..396 5-3U7RH0L
b . 025 vP 3602 .107 7 , SS5 T 4 22
6 .399 PU 78 Q32E0 .859 sa I cTG
7 ,005 pp- 85223 .695 9 .366 N- BUT 6.4'Ju
7 .415 F7 186264 “ .358 10 ,513 32-22
o 17.9 OH S24924 .112 i i  . .688 TF.iiC
TOTAL RF'LH"2 . S I - I E + 0 7  
riL’L FRC1 C15- 2 .09BCE-80 
X5 rD Fs**1T 35 .09902 -Oh 
5 : F L 2. H’ ij = ; 50 e 0 E - 61
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FIGURE : 3.7 INTERESTING FUEL CONTAINING 3 TYPES OF 
OXYGENATES SAMPLE 6
Density = 0.7469 g/cm3
Oxygenate = 18.9 % v/v
Oxygen content by calculation = 3.7 % w/w
Co
R
unt er# 628 Run#l1
F'T— 120 CT== 60
B0= 1033 BH== 100 BM~ 20
k o = 20.240 KH~= 70.000 KN= 8.3
oz= 2946 HZ~= 2849 NZ- 2892DR* 5031 HR=•14171 NR= 3224
-Z« 2085 R~Z == 11322 F1- 2—
W t . - 1 * 4 9 0 .  0  u q
F T ^ 174 
7.0= 3 . 497 7H“ 10 .767 7N= 2 h 527 7R-83
3 .623
4 .795
^ 5  +17- -  5 78S
i  . m
5 .339
6 .058
6 .372
8 .305
TIMETABLE STOP
RON# 1994 APR 7, 1997 12 :24 :58
1TH0D NAME: M*TTM.MET
INTERESTING FUEL CONTAINING 3 TYPES OF 
fi OXYGENATES
iT DX-HRER
RT TYPE AREA UIDTH CAL# XU/U NAME
2 .914 PU 2265 .041 1 .004 MEOH
3 .270- UB 121528 .038 2 .146 ETON
3 .623 SPB 3994045 .050 3 . 4 .303 IPA
4 .325 TPB 78658 .094 4 .069 N-PROPRNQl
4 .795 SHH 11297440 .080 5 10 .633 MTBE
5 .233 TBU 118880 .056 6 .104 S-BUTANOL
6 .058 TUU 4527424 .122 ? 3 .967 T BEE '
6 .372 TUU 7206890 .098 8a 1ST D
7 .082 T PU 82907 .130 9 .067 N-BUTANQL
7 .384 TUU 769451 .094 10 • .370 BENZENE
8 .106 TUB . 230873 .107 11 .185 TAME
88
" “ “ “ s s
I 9.203 l
RUN# 1798 FEB
METHOD NAME: M*TTM .MET
ki99? lb 513*89
T Th
ISTDX-fiREB
RT TVPE BREA uiUtb men XU/U NAME
2 .992 PU 25147 ,&44 i .81 S ME OB
3 .175 UU 7554B .»3& *■*>C .819 ET Oii
3 .593 >SPB 36758928 .171 t?. 7 .964 IP A
4 .320 TPB 218984 .$78 4 .939 H-PROPAHOL
4 .758 SHH 22834704 .*82 5 4 .734 MTBE
5 . 291 TUU 7244683 .|78 6 1 .231 S-BUTANOL
5.938 T UU 2138598 .g$S *7 . 362 T BEE
8.414 TUU 36839112 .im-. sa 1ST 3
7 .039 TPM 87092 .ji&5 9 .816 H-BJTBHUL
7 .328 T UU 1783596 .1^ :; ; 10 . 186 BENZENE
8 .038 TUB 533986 -ii&jfe H .691 T AM 2
TpTRL ARE.A-i .2S93E + 88
MUL FBCTOR^l .8990E>88 
I9TD B>1T“ S .8880E+80 “ 
SAMPLE RhTaq .5068E + 8:*
89
FIGURE: 3.9 CHROMATOGRAPHIC TRACE OF MIXTURE OF 
OXYGENATES SAMPLE: 95
* RUN # 2962 MAR 27, 1997 13:57:37
START
i
RUH# i?fc2 MAR 27. 1997 13:57:37
METHOD HfiME: M*T 7H..MET !
;
TTM |
ISTDa -RREP
RT TYPE AREA t.‘ISTH CRL# 2 U/U Hfil-1 *_
2.906 h'U 47B3 .343 1 .018 MEO *i
3 .253 US 75540 . 038 2 .113 LTD-5 .613 PU 2377848 .in? 3 o .131 IP 4
4 .315 UP 76774 .106 4 .882 H-PJOPAWOL
4 .782 SHH 8328531 . §79 S 18.271 mi a:
5 .222 T5U 110853 •332 6 .118 S-3jTAHOL
b . 041 TUU 37220S8 .125 ? 5 .986 t b e :
6 .351 T yy 5896592 03? sa ISTj
7 . 0 b i j TPU S76G3 IRQ 9 .067 N-SUTfiNOL
7 .357 run 554145 .552 1 8 .326 BENZENE
8 .891 TUB 157669 .1*3 ii .193 Tfini;
*QThl p r e p = ? . 35H-0E+ 0 ?
•
m u l rfscrop^i .vhjooe+cjq
ISTD RHT*5 . 08000 00 
SAMPLE nMT»9.500GE-QI
90
FIGURE: 3.10 CHROMATOGRAPHIC TRACE OF GASOLINE 
CONTAINING SINGLE OXYGENATES AT A HHGH CONCENTRATION
SAMPLE:5
♦ RUN ft 1S63 MfiR 27, IS* 07 J 58
STRRT
RUN# 1363 MF.F 27 , 133? 15:07*69
METHU0 rtfinE: H*TTh .MET ;
t t n
ISTDZ-nRER
P." TYPE RPt.fi ■UjDTH CfiLft lU/O NAME
2 .638 W 24 650 .94 2 1 .05? flEOfi
3 .253 ■Jlj 1529 .:045 2 .602 ET Uti
3 .565 V’J . 175736 J e s s 3 .245 IFF
4 .296= •j B 66133 .1861 4 . 63b N-PROP6M0L
4 .763 SHH 16965403 .675 s 20 .677 MT EE
5 .lie TPU 165420 . ;B 6 6 6 .117 S-aoTBHuu
5 . 351 T i 1M 147750? .■164 7 1 .67? TEEL
6 .340 TUN 55656=42 6 6? 88-. 1ST D
7 .tfteS TOO ft 9 0 4 5 .> 2 3 9 .695 H - E U T h H O l
7 . 5c0 TUU 7296723 1.1 4 10 4 .545 BENZENE
8 . u 7 6 TUB 163260 .101 11 .200 TfiPE
TOTAL PREfi=4 .0 8 8 5 E + 6 7  
nuL 7 6 7 7  QR~ i  . 3 0 8 8 E *  *30 
ISTD nMT = 5 .0 0 0 9 E + 0 8  
SAMPLE AMT“ 9 .5 0 0 0 E * 6 I
TABLE : 3.2
RETENTION TIMES OF SINGLE OXYGENATE COMPONENT IN BASE
GASOLINE 
(5%V/V CONCENTRATION)
Retention Time sec-butanol 2-methyl-3-
butyn-2-ol
isobutanol ETBE
5.14 5.15 5.81 5.90
Figures 3.11, 3.12, 3.13. illustrate the chromatograms of these oxygenates. This was 
followed by the injection of a well- stirred mixture of each pair, i.e. containing equal 
quantities of isobutyl alcohol and ETBE (runs 2 and 4) and the first pair then a mixture 
of 2-methyl-3-butyn-2-ol and sec-butanol (runs land 3, see Table 3.3).
TABLE 3.3
RETENTION OF TIMES OF OXYGENATE COMPONENTS IN MIXTURES 
COMPARED TO SINGLE COMPONENTS
Run Mixture Composition 
in Gasoline
Retention Time 
Single Components 
in Gasoline
Extent of 
Separation
Retention Time 
in Mixed 
Components
■sec-butanol 5.14 seobutanol co­
2-metliyl-3 -butyn-2-ol 5.15 eluted with 2- 5.16
1 methyl-2-ol
2 isobutanol 5.81 isobutanol 5.78
ETBE 5.92
.seobutanol 5.14 sec-butanol
3 2-metliyl-3 -butyn-2-ol 5.15 co-eluted with 2-
methyl-3-butyn-2- 5.23
ol
4 isobutanol 5.81 isobutanol 5.86
ETBE 5.92 ETBE 5.94
M 
H
FIGURE: 3.11 ETBE
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FIGURE: 3.12 ISO-BUTYL ALCOHOL
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FIGURE: 3.13 MIXTURE OF OXYGENATE COMPOUND MIXTURE
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FIGURE 3.14 CALIBRATION STANDARD BY GC O-FID
c
c
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3.8.5 DISCUSSION
It is documented that the ASTM method is suitable for C1-C4 alcohols and the ethers. 
However, the author's experience in this field of work shows this method is not precise 
enough leading to discrepancies such as those indicated above.
The result of the co-elution of the two oxygenates, apart from producing erroneous 
results, can also lead in certain situations to allow non- permissible oxygenate (double 
bonded compounds) to be used instead of legal oxygenates. Double bonded additives, 
such as 2-methyl-3-butyn-2-ol, are capable of producing much more power than'the 
single bonded alcohol, secondary butanol, which co-elutes at the same retention time. 
It is beyond the scope of this work to discuss the legal aspects of the nature of the 
oxygenates used in specialised gasoline. However, it is the intention of this work to 
concentrate on methods for diagnosing the difference in oxygenates and how to 
remedy such misidentifications by the use of other techniques.
As the interpretation of the chromatograms shows the following can be concluded:
The method does not separate secondary butanol from 2-methyl-3-butyn-2-ol. To 
some extent this can be achieved, as the method permits, by using a more selective 
column. However, a more polar column, as well as separating these two components, 
also attracts hydrocarbons such as 2-methyl-pentane, cyclo-pentane, 4-methyl-pentane 
etc. which tend to co-elute with 2-methyl-3-butyn-2-ol.
The use of secondary butanol for calibration purpose created a problem when 2- 
methyl-3-butyn-2-ol was present, due to the co-elution response factor. Consequently 
this can lead to misidentification.
The summary of the mixtures of oxygenates is given in Table 3.3. This table also 
indicates that isobutanol and ETBE virtually co-elute again, making it very difficult to 
interpret the data. However since there is much greater possibility of the use of ETBE 
than isobutyl alcohol, therefore ETBE is in the calibration standards rather than 
isobutyl alcohol. However in situations of uncertainty the initial qualitative assessment 
by spiking the fuel with either one of these oxygenates had to be carried out.
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3.9 THE GC-OFID IP 408/95 METHOD
Although the O-FID method was not investigated as part of this research work, the 
author had worked with this method prior to the start of this investigation and had 
experience of using this method for two years during 1992/1993. Since this method has 
almost taken over from the ASTM D 4815 method and is an approved method used by 
many oil testing laboratories, it is appropriate to dedicate a section to discuss the 
practical aspects of the method and its limitations which have been experienced by the 
operators.
3.9.1 INTRODUCTION
«
\
* The method specifies a GC method for the quantitative determination of individual
oxygenated components in the gasoline.
3.9.2 PRINCIPLE
The O-FID analyser essentially consists of a dedicated GC equipment with two micro 
reactors between the separation capillary column and the flame ionisation detector. The 
cracking reactor converts any oxygenates eluted by the capillary column into carbon 
monoxide while the catalytic hydrogenation reactor converts the carbon monoxide into 
methane, which is then detected by the FID. The cracking reactor is placed 
immediately down stream to the separation capillary column which consists of a 
platinum/rhodium capillary tube heated at 900°C - 1200°C. Under these conditions, 
when organic oxygenate components eluted by the capillary column enter the reactor, 
any atom of oxygen will produce a molecule of carbon monoxide according to the 
following chemical reaction:
C„HlnOx 1200°C-------- ► x CO + m/2 H2 + ( n-x ) C
The gas then passes to the second stage which is where methaniser is fitted in the FID 
this acts as " Hydrogenation micro reactor" where carbon monoxide will be converted
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and produced by the cracking reactor into methane according to the following
The methane (CH4) produced in the hydrogenation reactor is detected by the means of 
a flame ionisation detector.
3.9.3 EXPERIMENTAL
Prior to daily analysis of any samples, a reference sample of oxygenate free gasoline 
has to be injected into the GC. The purpose of this exercise is to generate a thin layer 
of carbon on the internal walls of the Pt/Rh capillary tubing, which acts as an active 
graphite carbon. Upon the completion of the overloading of the inner wall of the 
cracker with carbon, non-oxygenated hydrocarbon is injected at a temperature below 
the cracker's operating temperature, then the temperature of the cracker is elevated to 
the operating temperature.
It is essential after the above procedure to ensure that the methaniser is operating 
properly. This is done by injection of an oxygenate free sample of gasoline when the 
methaniser's temperature is at the operating temperature (330°C-350°C). The 
chromatogram of the non-oxygenated gasoline should not contain any peaks, and it 
should look the same as a blank. After this stage the analysis can be started and the 
chromatogram of standard should look similar to the chromatogram illustrated in 
Figure 3.14 . If the chromatogram produced has hydrocarbon peaks it means that the 
crackers are not functioning and that the GC OFID is not working properly.35
reaction.
350°C
CO + 3H2 -► CH4 + h 2o
3.9.3.1 OPERATING CONDITION
Methaniser
Cracking reactor temperature 
Injection block temperature 
Oven temperature
350°C
1200°C
200°C
30°C to 100 °C at a rate of 8°C / minute
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Column 50 m X 0.32 mm ID Capillary Column "Polyethylene
glycol and methyl silicone"
Carrier Gas Helium
Split Ratio: 100: 1
Injection Volume: 2pL
3.9.3.2 CALIBRATION
As any oxygen atom in the oxygenate sample is equivalent to a methane molecule, it 
was possible to calculate the response factor (conversion factor) for any identified 
oxygenated components in the gasoline. To calculate the response factor the 
calibration standards were run and introduced to the integrator and stored in the 
memory. The actual calculation was based on the division of molecular weight of 
individual components by the molecular weight of internal standard on the basis o f 1:1 
oxygen as the following:
Area of the sample x RF x Concentration of internal standard 
Area of internal standard
The internal standard used was an oxygenate which was not present in the sample, 
such as isobutyl alcohol.
Calculations were carried out automatically by entering the calibration data into the 
integrator.
3.9.4 RESULTS AND CONCLUSION USING THE GC-OFFD INSTRUMENT
This method was utilised over a period of two years, difficulties often occurred and 
standard chromatograms of the type shown in Figure 3.14 were not always obtained. 
Whenever the gasoline had no "oxygenate " additives, ghost peaks nevertheless 
appeared. After much discussion it was discovered that the fault was due to an 
instrumental problem from the manufacturer and that it was common to other users as 
well. The problem was associated with self-oxidation of the reactor. Although the 
manufacturer has improved the composition of the reactor there still remains a 
significant O-FID phobia amongst users. This is due to dependency on other parts of
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the instrument such as the performance of the methaniser, which supposedly converts 
the CO to CH4. The methaniser is directly inserted in the base body of the FED and has 
a shelf life of only one month when in daily use.
The poor reliability has led to reservations about the use of GC-OFID method for 
oxygenate determination. Although this experience emphasises the limitation of this 
method, nevertheless the principle appeared to be sound, and more developmental 
work could lead to a reliable method for the direct determination of oxygenates in fuel.
3.10 CONCLUSION REGARDING THE TWO GC METHODS
Both methods have their limitations. The author's experience tends to favour the 
ASTM D4815 method compared with the GC-OFID, since the former is more reliable 
despite being vulnerable to interferences . In spite of the column switching required in 
the former method, which can be time consuming, when it is actually set up and 
running, any adjustments required are infrequent.
At present use of current routine GC technology is insufficient for the complete 
characterisation of fuels and this can only accomplished by use o f other method in 
combination with GC. However instrumentation and column characteristics are being 
constantly improved and, with time, it could be that routine instrumentation will 
become available with the necessary sensitivity and resulting precision to allow routine 
use of the method for the determination of oxygenates in fuel.
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4.1 INTRODUCTION
The combination of gas chromatography with mass spectrometry is one of the most 
powerful analytical tools available for complex organic mixtures. Its widespread use is a 
direct result of its ability to provide quantitative and qualitative analysis at the same time. 
Only over the last few years, with the decline in prices for bench-top instruments, has 
developing or adapting laboratory experiments to take advantage of GC/MS capabilities 
begun.36 Gas chromatography, as the most powerful separation technique, has a high 
potential for supplying the mass spectrometer with one molecular species at a time. In 
addition, the two modes of characterisation (gas chromatographic retentions and mass 
spectral patterns) are truly orthogonal (i.e., they depend on entirely different molecular 
properties). This greatly increases the reliability of identifications that are based on both 
retention characteristics in a high- resolution system and matching fragmentation patterns.
In most applications, the mass spectrometer is used as a specialised detector, attached to 
the end of the chromatographic column 31
Mass spectrometry, because of its high sensitivity and fast scan speeds, is the technique 
most suited to provide definite structural information from the trace quantities of material 
eluted from a gas chromatograph. The association of the two techniques has, therefore, 
provided a powerful means of structure identification for the components of natural and 
synthetic organic mixtures. Mass spectra o f acceptable quality are potentially obtainable for 
every components that may be separated by the gas chromatograph, even though the 
components may be present in nanogram quantities and eluted over periods of only a few 
seconds. Mass spectrometry is distinguished by its extremely high sensitivity and by its 
applicability to samples in all physical states (including aqueous solutions and solid 
materials) and to samples of high as well as low molecular weight.
4.2 BASIC PRINCIPLE
The mass spectrometer is an instrument, that subjects molecules to ionisation, for example 
by use of a high energy beam of electrons. This beam of electrons converts the molecules 
into positive ions by removal of an electron. The stream of positively charged ions is
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accelerated along a curved path in a magnetic field. The radius of curvature of the path, 
which the ions describe depends upon the ratio of the mass of the ions to its charge. The 
ions strike a detector at positions, which are determined by the radius o f curvature of their 
paths. The number of ions with a particular mass to charge ratio is plotted as a function of 
the ratio.
The particle with the largest mass to charge ratio, assuming that the charge is one, will be 
that particle which represents the intact molecule with only one electron removed. This 
particle is called the molecular ion. This molecular ion can be identified in the mass 
spectrum. From its position in the spectrum, the weight of that particle can be determined. 
Thus, the mass spectrometer is an instrument capable of providing molecular weight 
information. 41
The principal experimental problems in mass spectrometry are, firstly, to volatilise the 
substrate which implies a high vacuum and, secondly, to ionise the neutral molecules to 
charged species.39
As discussed above for samples of complex mixtures, chromatographic separation is often 
combined with mass spectrometry. Mass spectrometry can improve the resolution of the 
chromatograph by acting as a compound-specific detector. A full mass spectrum is often 
much more helpful than just a retention time identifying individual peaks in the 
chromatogram.
4.3 INSTRUMENTATION
The positively charged ions of mass, m, and charge, z (generally z=T) are subjected to an
accelerating voltage V and passed through a magnetic field H which causes them to be
deflected into a curved path of radius r.( Figure 4.1) The quantities are connected by the
relationship:
m H2r2 
z -  2V
The values of H and V are known, r is determined experimentally and z is assumed to be 
unity thus permitting us to determine the mass m. In practice the magnetic field is scanned 
so that streams of ions of different mass pass sequentially to the detecting system (ion
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collector). The whole system (Figure 4.1) is under high vacuum (better than 10'6 Torr) to 
permit the volatilisation of the sample and so that the passage of ions is not impeded. The 
introduction of the sample into the ion chamber at high vacuum requires a complex sample 
inlet system.39
FIGURE 4.1: SCHEMATIC DIAGRAM OF AN ELECTRON-IMPACT 
MASS SPECTROMETER
Large negative 
potential
The magnetic scan is synchronised with the x-axis of a recorder and calibrated to appear as 
mass number (strictly m/z). The amplified current from the ion collector gives the relative
abundance of ions on the y-axis. The signals are usually pre-processed by a computer which 
assigns a relative abundance of 100% to the strongest peak (base peak).40 
The mass of an ion can be determined to the nearest unit value. Thus, the position of [M]+‘ 
gives a direct measure of molecular weight. By double focussing, the mass of an ion may be 
determined to an accuracy of approximately +/- 0.0001 of a mass unit. It is not usually 
possible to assign a molecular formula to a compound on the basis of the integer m/z value
J
of its parent ion. For example, a parent ion at m/z 72 could be due to a compound whose 
molecular formula is CdHgO or one with a molecular formula C3H4O2 or C3H8N2. However, 
if the mass spectrum is recorded with an accuracy of approximately +/- 0.0001 of a mass 
unit ( high resolution mass spectrum) then the mass of the parent ion, or any fragment, can 
be recorded to much better than integer precision. Since the masses of the atoms of each 
element are known to high accuracy, molecules which may have the same mass when 
measured only to the nearest integer mass unit, can be distinguished when the mass is 
measured with high precision. The accurate masses of 12C, 160 , 14N, and *H are 12.0000 (by 
definition) 15.9949, 14.0031, and 1.0078; so ions with the formulas GjHgO*, CsHLiCL*' or ^  
C3H8N2+'would have accurate masses 72.0573, 72.0210, and 72.0686. These could easily 
be distinguished by high resolution mass spectroscopy. Additionally, if the mass of any 
fragment in the mass spectrum can be accurately determined, then there is usually only one 
combination of elements which can give rise to that signal since there are only a limited 
number of elements and their masses are accurately known.
By examining a mass spectrum at sufficiently high resolution, one can obtain the exact 
composition of each ion in a mass spectrum, unambiguously. Most importantly, 
determining the accurate mass of [M]+‘ gives the molecular formula of the compound.40
4.3.1 MOLECULAR FRAGMENTATION
The fragmentation pattern is a molecular finger print. The mass spectrum see Figure 4.1 . 
consists, in addition to the molecular ion peak, of a number of peaks at lower mass number 
and these result from fragmentation of the molecular ion. The principles determining the 
mode of fragmentation are reasonably well understood, and it is possible to derive 
structural information in several ways39.
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The appearance of prominent peaks at certain mass number can be correlated empirically 
with certain structural elements (Table 4.1), e.g. a predominant peak at m/z= 43 is a strong 
indication of the presence of a CH3-CO- fragment in the molecule.
Information can also be obtained from differences between the masses of two peaks. Thus a 
prominent fragment ion occurring 15 mass numbers below the molecular ion strongly 
suggests the loss of a CH3- group, and therefore that a methyl group was present in the 
substance examined.39
The knowledge of the principles governing the mode of fragmentation of ions makes it 
possible to confirm the structure assigned to a compound and, quite often, to determine the 
juxtaposition of structural fragments and to distinguish between isomeric substances.
Since the interest of this research is focused on aliphatic alcohols and ethers, therefore 
as following the fragmentation pattern of some of these oxygenates are studied.
4.3.1.1 ALCOHOLS
The intensity of the molecular ion peak in the mass spectrum of a primary or 
secondary alcohol is usually rather low. The mass spectrum of 1-butanol (Figure 4. 2) 
shows a very weak molecular ion peak at m/z =74, while the mass spectrum of 2- 
butanol (Figure 4.3) has a molecular ion peak which is too weak to be indicated on 
the graphical presentation of the spectrum. The molecular ion peak for tertiaiy 
alcohols is usually absent, as is seen in the mass spectrum of 2-methyl-2-propanol 
(Figure 4.4).38
The most important fragmentation reaction for alcohols is loss of an alkyl group 
according to:
r R'
I
R — C —  OH
I
R"
- \
J
R'
\  +
R* + C = P -  H 
/
R"
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TABLE 4. X: COMMON FRAGMENTS AND THEIR MASSES39
Fragment Mass Fragment Mass Fragment Mass
ch3- 15 ch 3 ch 2 - 29
0
II
/ c -
H
29
NO 30 CH2OH 31 c 3h 3 39
ch 2 = c h -c h 2- 43
0
II
/ C“ch3/
43
0
il
/  C“HO
45
— n o 2 46 c 4 h 7 55 C4 H8 56
C4 H9 57
0
II
/  c  ch 3 ch 2
57
/O H
ch 2 = c v
OH 60
c 5h 5 65 0 -
CsH®
77 O - C H . -
C7H7
91
" € 3 w
CeHfiN
92
Q - r
C7H5O 0
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The largest alkyl group is one that is lost most readily. In the spectrum of 1-butanol 
(Figure4.2), the intense peak at m/z =31 is due to the loss of a propyl group to form a 
H2C=OH+ ion. 2-butanol (sec- butanol) (Figure 4.3) loses an ethyl group to form the 
CH3CH=OH+ fragment at m/z=45. 2-methyl-2-propanol (Figure 4.4) loses a methyl 
group to form the ( CH3)2C=OH+ fragment at m/z=59.
A second common mode of fragmentation involves dehydration. The importance of
dehydration increases as the chain length of the alcohol increases. While the fragment
ion peak resulting from dehydration (m/z — 56 ) is very intense in 1-butanol, it is very
weak in the other butanol isomers. However, in the mass spectra of the five-carbon
alcohols this peak, due to dehydration of the molecular ion, is quite important.38
Dehydration may occur by either of two mechanisms. The hot surface o f the inlet
system may stimulate dehydration of the alcohol molecule before the molecule comes
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in contact with the electrons. In this case, the dehydration is a 1,2-elimination of 
water. However, the molecular ion, once it is formed, may also lose water. In this 
case, the dehydration can be by 1,4-elimination of water via a cyclic mechanism:
(CH2)n 
RCH CHR’
H H -0  
n = 1 or 2
r
(CH2)n
/ \
RCH CHR’
V. J
+ H20
Alcohols containing four or more carbons may undergo the simultaneous loss of both 
water and ethylene:
H
I
O
c h 2
c h 2
H
I
C H -R
r a
CH— R
/ /
c h 2
V
. + h 2o  + c h 2= c h 2
J
In the case of 1-butanol, the fragment ion is responsible for a rather weak peak at m/e 
= 28. However, with 1-pentanol, the corresponding peak is the most intense in the 
spectrum.
4.3.1.2 ETHERS
Aliphatic ethers tend to exhibit molecular ion peaks which are stronger than those of 
alcohols with the same molecular weight. The molecular ion peaks of ethers are, 
nevertheless, rather weak.
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The fragmentation of the ethers is somewhat similar to that of the alcohols. The 
carbon-carbon bond to the a  -carbon may be broken to yield a fragment ion, which 
bears a positive charge on the oxygen 41
r +
R- CH2 -  OR 
V  J
>  CH2 = OR + R
In the mass spectrum of di-isopropyl ether (Figure 4.5), this fragmentation gives rise 
to a peak at m/z -  87, due to the loss of a methyl group.
A second mode of fragmentation involves cleavage of the carbon-oxygen bond to 
yield a carbonium ion. Cleavage of this type in di-isopropyl ether is responsible for the 
C3H7+ fragment at m/z -  43.
A third type of fragmentation occurs as a rearrangement reaction, taking place on one 
o f the fragment ions, rather than on the molecular ion itself. The rearrangement may 
be illustrated:
+
RCH = OH + CH = CH2 
I
R
H
R -  CH = 0 —CH ~CH2 
I a p 
R
This type of rearrangement is particularly favoured when the a  -carbon of the ether is 
branched. This rearrangement in the case of di-isopropyl ether gives rise to a C2H50 + 
fragment ( m/z= 45). As a result of these fragmentation processes, the fragment ion 
peaks of ethers often fall into the series 31, 45, 59, 73, etc. These fragments are of 
either the RO+ or the ROCH2+ type.
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FIGURE: 4.2. MASS SPECTRUM OF 1-BUTANOL
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FIGURE: 4. 3. MASS SPECTRUM OF 2-BUTANOL
111
Re
la
tiv
e 
A
bu
nd
an
ce
FIGURE :4.4 MASS SPECTRUM OF 2-METHYL-2-PROP ANOL
FIGURE: 4. 5 MASS SPECTRUM OF DI-ISOPROPYL ETHER
1Q0_
60 _
40 _
70 _
45
43
CH3 ch3
CH3CH - O - CHCH3 
M.W. = 102
1.,— L
87
M(102)
i— r r
15 20 25 30
~1~
35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
m/e
112
The fragmentation patterns for known molecules can be stored in electronic data bases and 
can be rapidly searched by computer. One of the most common ways of use of the mass 
spectrometer is to couple the instrument for separation of a mixture of organic compounds
e.g. a gas chromatograph, directly to the input of a mass spectrometer.
This is the type of instrument which has been used in this work.
4.4 EXPERIMENTAL
4.4.1 APPARATUS AND MATERIALS
\
* The following items were used.
A GC-MS equipped with a quadrupole Mass analyser (Fisons MD8)
Column : RT X - 5 (30m, 0.32mm id; 3]i, film thickness)
Mass spectrometry capable of producing electron impact spectra at 70 . or higher 
electron volts.
Carrier gas : Helium of > 99.9995% purity.
Computer system interfaced to the mass spectrometer to allow acquisition of 
continuous mass scans or total ion chromatograph (TIC) for duration of analysis.
Internal Standard : Tertiary amyl alcohol was used. The operating conditions are 
shown in Table: 4.2.
TABLE: 4.2 LISTS THE OPERATING CONDITIONS
Temperature Time(mins)
40-50 5
50-100 10
100-150 10
150 hold 5
Injector temp: 250°C 
Sample size: 0.2 pi 
Split ratio (50:1)
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4.4.2 REAGENTS
The purity of the reagents used in this work were HPLC grade.
Standards for Calibration and Identification:
All the reagents used in this research were of Analar grade. Standards used for the 
calibration were as the following : MeOH, EtOH, IPA w-propanol, MTBE, ETBE, 
tert-amyl alcohol, TAME, toluene, benzene,, «-butanol, sec- butanol.
Internal standard : fez?-amyl alcohol was used as an internal standard.
Dilution Solvent: 2,2,4-trimethylpentane (isooctane), used as a solvent in the 
preparation of the calibration mixtures.
Samples used for this investigation were as the following:
Automobile specialised fuel,
Motorcycle fuel 
Conventional Gasoline
Every effort was made to insure that the sample is representative of the fuel source 
from which it was taken, and also to ensure the minimum loss of light hydrocarbons 
by filling the vials for sub-sampling and keeping them chilled prior to use.
4.4.3 CALIBRATION
Prior to the start of calibration and identification of the components of interest the 
mass spectrometer was tuned according to the manufacturer's instruction.
Calibration standards of 5% v/v and 15% v/v of oxygenates in isooctane were 
analysed. Using the software in the computer, the base peak (the strongest peak in the 
measurement of a compound) were searched using a National Bureau of Standards 
(NBS) spectral library. The author made her own spectral library under the name of 
Nina's Library. Figure 4.6 demonstrates the chromatogram of the standard solution. 
Table 4.3 lists the base ions for all the relevant oxygenates and some hydrocarbon 
components.
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After the analysis of the calibration standard was completed, the software in the 
computer determined the area of each peak in the chromatogram.
In order to have a better understanding of the fragmentation pattern of the 
oxygenated components used in this work, Table 4.4 and Table 4.5 have been 
prepared, which demonstrate the patterns which correlate with their corresponding 
molecular ions.
t
4.4.4 QUALITATIVE ANALYSIS OF SAMPLES
The chromatogram of the standard containing mixture of oxygenates was saved in the 
computer, which was connected to the GC-MS. Figure 4.6 demonstrates the 
chromatogram of the standard. The scan number is shown above each peak. The 
software in the system can compare each peak in the spectrum with spectra of 75,000 
compounds (still growing) that are stored in the library of the computer. Also, as 
previously discussed, the author’s library, "Nina's library", was loaded into the 
computer by the injection of neat components. This library was comprised of the 20 
compounds most relevant to this work and was also used for identifications. Figure 
4.7, shows the mass spectrum of each scan of the oxygenated components in the 
standard chromatogram.
The chromatogram of each sample was saved in the computer. Figure 4.9 shows the 
mass spectrum of peak number 225 of the chromatogram in Figure 4.8. Figure 4.10 
identifies the spectrum of peak number 225 as propane,2-methoxy-2-methyl (methyl 
teriary butyl ether). Figure 4.11 shows another way of identification by calling from 
the computer the peak number for a specific component's typical base ion e.g. 
knowing that MTBE base ion is 73, which, computer will give peak number of 225, 
which proves the component is MTBE.
However in GC/MS the identification of all components in a gasoline mixture, even 
with high resolution capillary column, is not an easy task. In order to achieve 
optimum results it was found necessary to utilise specialised software and create one's 
own spectral library. In this case the Nina library was found to be most useful for the 
purpose of identification of specialised fuel. When the concentration of an oxygenate
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was greater than 2 % v/v , identification by searching NBS spectral library was found 
easier.
TABLE 4.3 MOLECULAR IONS OF LISTED OXYGENATES
Component Peak M ain Mass
benzene 446 78
isooctane 487 57
TAME 477 73
isobutanol 389 43
MTBE 244 73
isopropanol 155 45
TBEE 358 59
fe/7-amylalcohol 415 59
77-propanol 239 31
ethanol 119 31/45
77-butanol 467 56
o-xylene 846 91
toluene 646 91.
ethyl benzene 797 91
p-xylene 809 91
7?2-xylene 807 91
cumene 883 105
1 octene 672 41/55
heptene 493 41
2-methyl-3 -butyn-2-ol 334 69
fe/7-butyl benzene 973 119
MeOH 82 31
72-octane 692 43
■sec-butanol 337 45
4.4.5 QUANTITATIVE ANALYSIS OF SAMPLES
After the components had been properly identified, the area of each peak in the 
chromatogram was automatically determined by the software in the computer.
Figure 4.12 shows the chromatogram of a sample of gasoline, where the area of each 
peak was determined.
The results were qualitatively and quantitatively interpreted and compared against the 
other methods.
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The following equation then was used to relate the peak areas to the compound in the 
standard:
RRF= Ai,x Vn
AoxVjs
Where: Ao= area of oxygenate "I"
Ajs = area of the internal standard "Ai"
Vis = Volume % of the internal standard 
Vo= Volume % of the oxygenate 
Then the concentration of the oxygenates were calculated as the following :
C = An vVtXRRF 
Ai
where:
C= Concentration of the oxygenate of the oxygenate volume/volume
Ao=Peak area of the oxygenate
Vo= Volume % concentration of the internal standard
RR = The relative response correction factor for the oxygenate
AiS= Peak area of the internal standard
4.5 RESULTS
With reference to the previous chapters, further work was carried out in order to 
compare the results with the other techniques utilised in this work.
Since the objective of this work is to study how it would be possible to improve the 
quality of characterisation of oxygenates in gasoline, when analytical laboratories are 
faced with more complicated types of fuel, a wide range of samples were analysed and 
the results are tabulated in Table 4.6. Comparative results with other techniques are 
shown in chapter 7.
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FIGURE 4.6: CHROMATOGRAM OF CALIBRATION STANDARD OF
OXYGENATES IN ISO-OCTANE TTM  STANDARD S7
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FIGURE 4.12: TOTAL ION CHROMATOGRAM OF A SAMPLE OF
GASOLINE
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4.6 DISCUSSION
Within the GC-MS analysis three types of fuel were investigated; one being 
conventional gasoline, then specialised fuel and two-stroke motor cycle fuel.
Generally, this technique for the analysis of specific compounds such as oxygenates in 
gasoline is accurate and reliable.
However in GC-MS the identification of all components in a gasoline mixture; even 
with a high resolution capillary column, is not an easy task. In order to achieve 
optimum results it was found necessary to utilise specialised software and to create 
one's own spectral library. In this case the Nina library was found to be most useful 
for the purpose of identification of specialised fuel. When the concentration of an 
oxygenate was greater than 2 % v/v , identification by searching NBS spectral library 
was satisfactory. However, for a lower concentration the identification was not 
definite using this method, in which case the Nina library was used.
This method proved its reliability for specifically qualitative work as well as for 
quantitative work. There were many cases when there were no oxygenates present 
and one of the best ways of ensuring this was by the use of GC-MS. At the lower 
levels of concentration quantitative analysis was more complicated. The tabulated 
data reveal that the results were reliably accurate, especially since identification had 
become easier and that there was little chance of miscalculation.
Despite the valuable information which GC-MS provides, the drawbacks of the 
method are that the instrument requires access to specialised database software, and 
that it is a relatively expensive instrument, that requires to be financially justified.
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TABLE 4.6 : GC-MS RESULTS % OXYGEN
*
Sample
No
Density
g/cm3
Total
Oxygenate
%v/v
Oxygen
%w/w
EPA
%v/v
MTBE
%v/v
ETBE
%v/v
DIPE
%v/v
TAME
%v/v
sec
butanol
%v/v
Others
%v/v
l 0.7344 19.8 3.63 - 19.7 - - - - -
2 0.7562 7.11 1.3 - 7.11 - - - - -
3 0.7562 16.4 2.99 - 16.4 - - - “ -
4 0.7457 15.2 2.97 2.13 12.4 - - - - -
5 0.7455 18.7 3.40 - 18.7 - - - - -
6 0.7537 17.5 3.48 - 17.5 - - - - -
7 0.7483 15.6 3.10 3.77 8.61 2.96 - - - -
8 0.7415 18.9 3.47 - 18.6 - - - - -
9 0.7450 19.6 3.56 - 19.5 - - - - -
10 0.7388 19.0 . 3.48 - 19.0 - - - - -
11 0.7511 19.3 3.51 2.71 7.35 - - - - -
12 0.7536 18.1 3.30 - 18.0 - 9.21 - - -
13 0.7457 15.2 2.97 7.13 12.9 - - - - -
14 0.7484 9.78 - ' - - -
Note:
Samples of gasoline containing oxygenates were prepared volumetrically, and 
therefore the results are given in volume percent. In order to obtain weight percent 
oxygen content in the fuel the following equation was used:
% w/w Oxygen = Concentration o f oxygenate in the fuel x density o f the oxygenate x atomic weight of oxygen 
density of the fuel x molecular weight of the oxygenate in the fuel
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5.1 ABSTRACT
One of the most significant challenges that road vehicles face today is the environment. 
Past efforts to reduce exhaust and particulate emissions were based primarily on improving 
vehicle engines. Another approach to this problem is by altering fuel composition including 
the introduction of unleaded gasoline, reduction of RVP, and blending oxygenates. It is 
necessary to increase efforts to reduce exhaust and particulate emissions by altering fuel 
composition, along with further efforts to improve road vehicles.42 
In the light of concern about particulate emissions this section focuses on diesel fuel 
related characteristics. Diesel engine light duty vehicles have a much longer history than is 
generally known. Diesel cars were introduced by Citroen and Mercedes in the 1930’s, and 
from the 1950's they came into increasingly wider use in Europe, especially in the field of 
taxi operation where, with much start/stop operation, fuel savings of up to 50% became 
vital to the taxi service industries. Furthermore greater emphasis on passenger car fuel 
economy has made the light -  duty diesel engine attractive as a passenger car power plant. 
As a result, the number of vehicles powered by diesel engines is expected to increase 
significantly in the near future.
However, one characteristic of the diesel engine that causes concern, is its tendency to 
generate exhaust particulate matter, such as soo t. 43,44
The nature of the diesel combustion process leads to the emission of exhaust particulates 
(soot) . The size of the particulates emitted is of the same order as that issuing from a 
comparable car powered by a spark -  ignition engine operating on leaded gasoline. 
However, the total particulate output of that same diesel car is at least in the order of 
magnitude greater than that of the car with the spark -  ignition engine which has an 
exhaust catalyst and is operating on unleaded gasoline.45
Commercial carbon black is formed either by heating a hydrocarbon in the absence of 
oxygen or, by only partial combustion of a hydrocarbon in the presence of insufficient 
oxygen. The latter effect appears to be particularly related to soot formation during diesel 
combustion.
As a result of this concern discussed above, experimental work has been conducted by 
introducing a hydrocarbon mixture replicating that of diesel composition and treating this 
with oxygenates which are customarily used in gasoline. The resulting sooting tendencies 
have been studied in order to determine how the addition of oxygenates helps reduce the 
sooting factor.
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Smoke is a term applied to particulate carbonaceous particles of <10 p m in diameter 
produced by the partial combustion of organic substances.
Smoke rises upwards into the air above a fire due to its thermal buoyancy and its colour 
depends on the material being burnt. The amount of smoke is related to the combustion 
conditions, including the physical form of the fuel ( droplets of oil, coal, pieces or powder), 
the degree of mixing of volatile materials released on heating with air, and the tentperature. 
The subsequent behaviour of soot as a deposit or as smoke largely depends on the 
aerodynamics of the combustion chamber, and whether a chamber wall is encountered 
before the particles have the opportunity to be evacuated. Smoke generated from fuel-rich 
combustion therefore consists of soot, and is characteristically black, as distinct from 
"white" smoke, which arises from unburnt fuel droplets during cold starting.
The products of the complete combustion of an organic substance are C 02 ’ water vapour 
and ash (non-combustible inorganic residue). The formation of smoke and soot particles 
only occurs when the combustion is incomplete1 However, despite the fact that the basic 
building blocks of soot are polycyclic carbon rings, soot can also form readily from fuels 
which do not contain carbon rings. For example, soot forms readily by the combustion of 
normal straight- chain alkanes such as hexane and octane46
In burning, hydrocarbon molecules are progressively broken down to smaller fragments 
and combine with oxygen to form CO . In the presence of adequate 0 2, the CO becomes 
oxidised to C 02 . However, the formation of CO is relatively fast but its oxidation to CO2 is 
slower and so if there is an inadequate supply o f O2 , CO will accumulate. Soot formation 
generally accompanies the formation of CO and is due to an inadequate supply of air. 
Partially degraded fuel molecules can polymerise to produce carbon nuclei which then 
accumulate further material by surface adsorption and coagulation. The soot particles 
formed are usually <1 p m in diameter and are comparable in size to the wavelength of 
light. Light scattering can result and due to thi$3 emissions appear coloured, often reddish 
brown.
Soot is also formed from aromatic fuel compounds. Graham et al.3 have shown that there 
are two routes to soot formation from aromatic compounds: a direct path, in which the 
carbon rings undergo dehydrogenation and combination into biphenyl radicals, their higher 
analogues and polycyclics and an indirect path, occurring at higher temperatures, in which
5.2 INTRODUCTION
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rings break up into smaller compounds including acetylene. Subsequent polymerisation 
reactions lead to recyclization into rings and soot.46
Spray-atomised light fuel oils normally evaporate completely and produce little soot and 
smoke. With heavy fuel oils only the light fractions evaporate at first leaving a tarry residue 
which is gradually cracked (releases lower molecular weight volatile compounds ) by the 
heat of the flame. However, if the temperature is not high enough, some particles <50-100 
(i m in diameter (called smuts) are likely to be emitted from the chimney. If the oil has a 
• high sulphur content the carbon smuts can contain H2SO4 which makes them very 
corrosive.47
Soot is essentially completely aromatic but does not quite attain the structure of graphite. 
Some hydrogen remains in soot, and CgH is a reasonable empirical formula of soot. With 
the hydrogen atoms present, the planes o f aromatic carbon do not attain the perfect vertical 
stacking of graphite but, rather, the stacking is disordered.48
The tendency of different hydrocarbons to soot in laboratory flames varies considerably .A 
number of investigators have used premixed and diffusion flames to study soot formation 
and the tendency for different hydrocarbons to form soot. In the case of laminar diffusion 
flames the chemistry of fuel pyrolysis plays what is believed to be a dominant role in the 
sooting tendency. The chemistry of fuel pyrolysis is influenced largely by the molecular 
structure of the fuel, the details of the combustion system and the combustion temperature. 
Essentially, whether one fuel soots more easily than another may be determined by 
differences in the rate of formation of the first and second rings of what ultimately 
becomes a soot particle having numerous polymerised rings. However the processes of 
growth beyond the second ring to large aromatic structures that lead to soot nucleation and 
soot growth are similar for all fuels and faster than the formation of initial rings. Therefore 
the relatively slow formation of the initial aromatic rings controls the rate of incipient soot 
formation and the amount of soot formed. Fast formation of initial rings tends to increase 
the propensity of a fuel to soot.46
Soot formation is a potential problem in the combustion of many hydrocarbon .fuel 
especially in kerosene and jet fuels. In all cases, soot formation represents the loss of some 
of the energy which might have been liberated in the complete combustion of the fuel. The 
emission of soot into the atmosphere from combustion sources, including jet aircraft, 
represents an air pollution problem. As a rule, aromatics have the highest sooting tendency, 
naphthenes are intermediate, and paraffins are least likely to produce soot. Alkenes tend to
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form soot more readily than the paraffins. Therefore low concentration of aromatics and 
naphthenes are desired for “clean” burning.48
Work was carried out to evaluate the chemical effect of oxygenated components in 
reducing the sooting tendency in laminar burner and the effect of aromatics in the 
formation of soot. Several sets of analyses were conducted .The first set o f analyses was 
carried out on Alkanes, H(Heptane) .The second set of analyses was conducted on different 
concentration of aromatic Hydrocarbon T(Toluene) present in Heptane, from 25% wt/wt 
T/H down to 5% T/H. A third set of analyses was performed using a 25%wt/wt T/H 
mixture as a base fuel and spiking it with different percentages of Diglyme (2 Methoxy- 
ethyl ether ) from 5% wt/wt D.G D. E. in 25%wt/wt T/H up to 10% wt/wt in 25%T/H. A 
fourth set of analyses was carried out using MTBE (Methyl tertiary-butyl ether) as an 
\  oxygenated component for spiking the mixture of 25%T/H with 5%MTBE up to 25%
MTBE.
5.3 LAMINAR DIFFUSION FLAME
In laminar diffusion flames, soot forms on the rich side of the reaction envelope. Soot 
oxidises as it diffuses into the hot reaction zone. All the soot is oxidised, provided the rate 
of fuel supply to the flame is low. However, if the fuel supply rate is increased sufficiently, 
a rate is reached when all the soot cannot be oxidised. The soot which remain unoxidised 
escapes from the tip of the flame .The height of the flame at which this occurs is called the 
sooting height . The sooting height of the flame depends on the flow rate of the air 
surrounding the flame. If this flow rate is increased sooting is suppressed and the fuel flow 
rate must also be increased before the flame starts to soot again.46 
The sooting height has been found to be sensitive to the molecular structure of the fuel .
The results of many studies prove that with laminar diffusion flames the sooting tendency 
of pure hydrocarbons increases, broadly, in the following order: 
alcohols < alkanes < branched alkanes < alkenes < cycloalkanes < cycloalkenes < 
alkynes < aromatics
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As a result of this, the sooting height is widely used as a measure of the propensity of a 
fuel to form soot51 This phenomenon is illustrated in Figure 5.1. In practice, diesel fuels 
are a mixture of a large number of hydrocarbon compounds , most of which have complex 
molecular structures. Most commercially available diesel fuels have a substantial 
proportion of aromatic compounds which often occupies between 15 to 35 % of the fuel 
volume. Being aware of the effect of the aromatic content of diesel fuels on particulate 
emissions from diesel engines therefore, most of the tests have been carried out with a high 
aromatic proportion of 25 % in the alkane as base fuel.
This work demonstrates results from three sets of tests using a laminar burner for the 
determination of the sooting tendency as below :
( I ) Tests to investigate the sooting tendency of alkanes
( I I ) Tests to evaluate the sooting tendency of various concentration of aromatic and 
x
alkanes.
( I I I ) Tests using different concentrations of three types of oxygenates in a mixture o f :
a) alkane and aromatic
b) diesel fuel
5.4 EXPERIMENTAL:
5.4.1 APPARATUS:
The apparatus consists of a steel cylindrical container into which the sample is introduced. 
Figure 5.2 illustrates the apparatus used for the measurement of sooting height by laminar 
diffusion flame. The vessel is heated by a controlled electric cartridge heater, which enables 
the internal surface temperature to be kept at approximately 350 °C. This surface 
temperature is normally maintained some 20K above the saturation temperature of the least 
volatile component of the fuel. Caution has to be taken to limit over heating in order to 
prevent cracking of the fuel molecules , and ensuring that all the fuel components are 
vaporised simultaneously .In order to assist vaporising the fuel the base of the vessel is 
drilled in order to check for fuel accumulation at the base of the vessel . Obviously fuel 
accumulation is undesirable since it would contain mostly heavier components of the fuel, 
and this can be avoided by controlling the fuel injection rate so that it is equal to the fuel
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consumption rate by the flame . The flow o f vaporised fuel supplied to the flame is 
controlled by a needle-valve, which is heated by a thermostatically controlled tape-heater 
in order to avoid vapour condensation in the valve.
The fuel vapour is supplied to the flame via a 10mm stainless steel tube which is heated 
directly by supplying current through the tube walls. The tube temperature is 
thermostatically controlled so to avoid condensation of fuel vapour. The flame is 
surrounded by a flow of air within a concentric Pyrex glass tube of 100mm internal 
diameter.
This is an experimental arrangement for laminar diffusion flame . The results from using 
this type of flame are very stable over a very wide range of air and fuel flow rates. With 
this type o f laminar diffusion flame, the flame height is directly proportional to the fuel 
flow rate over a wide range of flow rates.43’49,50
5. 5 DETERMINATION OF FLAME HEIGHT OF 
ALKANES AND AROMATICS
In the first part of this investigation the flame height of single alkane is tested followed by 
a single aromatic in order to compare the sooting tendency of the individual hydrocarbon 
using a laminar diffusion flame . Figure 5.3 demonstrates the effect of progressive addition 
of aromatics to hydrocarbon. The best procedure for demonstrating the sooting height of 
each particular hydrocarbon is best explained as below:
The air flow supplied to the flame is initially set at a low level of 1L / min .Then, the rate of 
fuel flow to the flame is progressively increased, until a critical fuel rate is reached when 
soot just started to escape from the tip of the flame. This sooting height at an air flow rate 
of 1L /min is recorded and plotted on Figure3. The flow rate of the air is then increased to 2 
L / min, and sooting is suppressed . The fuel flow rate is increased , until the flame starts to 
soot again . This sooting height of the flame becomes more independent of the air flow 
rate , as demonstrated in Figure 5.4 In the case of heptane, with the air flow rate of 1 
Litre/min, sooting starts at the height of 77mm. (sooting height of heptane=77mm). 
Furthermore Figure 5.4 shows that by increasing the air flow rate the sooting height of the 
flame increases progressively until, at an air flow rate of 8 Litre /min , the sooting height 
of heptane reaches 114mm and at this stage it becomes independent of further increases in 
air flow rate. This height is called the ultimate sooting height for the component .The same 
procedure for toluene is carried out which shows the sooting height of 12 mm. Therefore
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toluene is considered to soot much more readily than heptane (alkanes ).In order to 
measure the flame height , a travelling microscope with resolution of 0.1 mm and a 
magnification of 3 is used .
FIGURE 5.3
Comparison of sooting heights for mixture 
of hydrocarbons
% weight concentration
1 4 0
In the second part of the test a single -  ring aromatic compound ( toluene ) was 
progressively added to straight chain alkane (heptane ). As discussed in the previous 
section the sooting height of the pure heptane is 77mm. However, the gradual addition of 
toluene tends to increase the propensity of fuel to soot.
Toluene was blended with heptane in 5% gradations by weight from 5% through to 25%. 
Table 5.1 demonstrates the progressive increase of the sooting height of the flame as the 
concentration of aromatic increases. Similar behaviour can be seen in Figure 5.3 when 
toluene is added to heptane. As discussed heptane, as a straight chain alkane is resistant to 
sooting. However, a mixture o f 95% heptane and 5% toluene causes the flame height to 
reduce to about 54 mm, and the flame to soot much more readily.
« 5.6 THE EFFECT OF OXYGENATES ON REDUCING SOOTING TENDENCY OF
ALKANE AND AROMATIC BLENDS:
In this section the test is carried out using 25%toluene in heptane as a base fuel and 
gradually adding oxygenates in order to study the reverse effect of oxygenates on a base 
fuel which has a similar content of aromatics in the blend as diesel. Figure 5.3. Shows the 
effect of addition of oxygenates to the mixture of 25%T/H.Three types of oxygenates were 
individually tested. The first oxygenate was diglyme (CH3 0 CH2 CH2 ) 2 0 2  
methoxyethylether. The test procedure was as follows :
a) The flame height is calibrated with heptane
SOOTING HEIGHT = FLAME HEIGHT -  BASE HEIGHT
As heptane has high resistance to sooting which means it has high sooting height , 
therefore, to measure the base of the flame the height of the travelling microscope has to be 
adjusted to 60 mm height as zero and at the final calculation of flame height this value has 
to be added:
Sooting Height of Heptane =Flame height (42mm) -  Base Height (16.7 mm)+ 60mm 
This adjustment is not necessary for the blends of toluene and heptane since toluene, being 
aromatic, reduces the flame height greatly.
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FIGURE: 5.5 SOOTING HEIGHTS OF FULL COMPONENTS
O o  vo o  vo o
' v t ' c q r o C ' J C S ' —< > —' v r > 0
Sooting Height ( mm )
Fu
el 
C
om
oo
ne
nt
TABLE : 5.1 COMPARISON OF SOOTING HEIGHTS 
OF ALKANE AND AROMATIC BLENDS
COMPONENT SOOTING HEIGHT
HEPTANE 77.1
TOLUENE 12.0
5%TOLUENE in HEPTANE 54.1
10%TOLUENE in HEPTANE 46.3
15%TOLUENE in HEPTANE 42.2
20%TOLUENE in HEPTANE 28.5
25%TOLUENE in HEPTANE 21.8
The flame height of a blend of 25 % toluene in heptane is measured and this blend is used 
as a base fuel for addition of oxygenates. Table 5.2 demonstrates the effect of the gradual 
addition of 2-methoxyethylether into the blend of 25% toluene in heptane.
The second type oxygenate used in this test was methyl tertiary-butyl ether (MTBE) 
which is the most prevalent oxygenate used in reformulated gasoline.-
TABLE 5.2: ADDITION OF 2-METHOXYETHYLETHER 
INTO A BLEND OF 25%T/H AND IT’S EFFECT ON SOOTING HEIGHT
COMPONENTS SOOTING HEIGHT
HEPTANE 77.0
TOLUENE 12.0
25%TOLUENE IN HEPTANE 21.8
DIGLYME 89.0
5%DIGLYME IN 25%(T/H) 31.2
10%DIGLYME IN 25%(T/H) 39.9
15%DIGLYME IN 25%(T/H) 49.8
20%DIGLYME IN 25%(T/H) 54.5
25%DIGLYME IN 25%(T/H) 55.2
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TABLE: 5.3 DEMONSTRATES THE EFFORT OF MTBE ON SOOTING HEIGHT
OF 25% T/H BLEND.
COMPONENTS SOOTING
HEIGHT
HEPTANE 77
TOLUENE 12
25%  TOLUENE IN 
HEPTANE (T/H)
21.8
MTBE 105
5%MTBE IN 
25%T/H
24.7
10%MTBE IN 
25%T/H
35.1
15%MTBE IN 
25%T/H
52.4
20%MTBE IN 
25%T/H
57.2
25%MTBE IN 
25%T/H
59.9
The third oxygenate used in this test was isopropanol (IPA ) the results of which are 
tabulated in Table:5.4 and demonstrated in Figure 5.3.
TABLE:5.4 DEMONSTRATES THE EFFECT OF ADDITION OF IPA ON THE 
SOOTING TENDENCY OF 25%T/H
COMPONENTS SOOTING HEIGHT
HEPTANE 77
TOLUENE 12
25%TOLUENE IN HEPTANE (T/H) 21.8
IPA 97
5%OF IPA IN 25%(T/H) 22.6
10%OF IPA IN 25%(T/H) 33.7
15%OF IPA IN25%(T/H) 48.6
20%OF IPA IN 25%(T/H) 52.4
25%OF IPA IN 25%(T/H) 55.6
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5.7 THE EFFECT OF OXYGENATES ON REDUCING SOOTING TENDENCY OF 
DIESEL FUEL
In the work published by Professor Ladommatos,51 six different diesel fuels with different 
components are compared, Table 5.5 lists the significant properties of these six blends. It 
can be seen from the Table that the six components fall, broadly into two groups; 
Components C l and C2 have high aromatic proportions, whilst components C3 , C4 , C5, 
and C6 have very little aromatic content. The sooting flame height for these six 
components is shown in Figure 5.5. It can be seen from the Figure that components C l and 
C2 have low flame heights of about 12 mm, reflecting their high aromatic content, similar 
flame height as pure mono -  aromatic (toluene ). The sooting height for the components 
C3, C4, C5, and C6 , are around three times that of components C l and C2 , reflecting 
their very low aromatic content. In the last part of this study the sooting height of three 
types of diesel fuel are measured, and oxygenates added in order to study their effect on 
diesel fuel .Table 5.7 shows the salient properties of these diesel fuels.
It can be seen from Table 5.6 that in these diesel fuel blends the aromatic content is 
between 21 and 30%of the fuel w eight.
Figure 5.6 shows the measured sooting heights for these three diesel fuels, and it 
demonstrates that all have similar flame heights of approximately 16mm. This proves that 
when the aromatic content of fuel is more than 10 to 15%, the flame sooting height tends to 
drop sharply, and the sooting tendency increases dramatically. Therefore to study the 
reverse effect of addition of oxygenates three concentrations of 5,10,and 15 percents of 
MTBE were added to a composite blend of the above diesels .The results are tabulated in 
Table 5.7.
5.8 CONCLUSION:
It is evident from the above tests that the structure of hydrocarbon molecules is one of the 
main factors governing its sooting tendency in laminar diffusion flames. The aromatic 
ring is by far the most important molecular structure that is responsible for the sooting 
effect. The height of the laminar diffusion flame for sooting was 12 mm for single -  
component aromatic compounds such as toluene, whilst that of heptane ( alkane ) was 
about 77mm.
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TABLE :5. 5 SALIENT PROPERTIES OF VARIOUS COMPOUNDS USED FOR
BLENDING DIESEL FUELS
FUEL
Cl C2 C3 C4 C5 C6
density at 
15°CKg/m3
836 875 826 773 752 771 '
aromatics
summary
%mass
mono-
aromatics
56.9 54.8 1.0 <0.2 <0.2 <0.2
di-aromatics 21.9 13.2 <0.2 <0.2 <0.2 <0.2
tri- aromatics <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Analysis % mass
paraffins 15.2 19.4 39.8 95.0 94.1 95.1
fused
naphthenic
6.9 3.6 22.2 3.6 5.8 4.9
naphthalenes 1.4 15.0 0.1 0.0 0.1 0.1
unfused
naphthenic
17.4 11.9 37.3 1.3 0.0 0.0
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TABLE : 5.6 SALIENT PROPERTIES OF THREE TYPES OF DIESEL FUEL
PROPERY FUEL (A) FUEL (B) FUEL (C)
DENSITY at 
15°C 
(Kg/m3)
833 849 830
aromatics 29.8 24.7 21.2
sulphur %mass 0.04 0.07 0.1
TABLE:5.7 SOOTING HEIGHT OF MTBE IN DIESEL FUEL
CONCENTRATION OF MTBE IN 
DIESEL FUEL % w/w
SOOTING HEIGHT
5 21.4
10 39.7
15 45.4
The addition of even a small amount ( less than 10% w /w ) of the mono -  aromatic 
(toluene) to the alkane, increased the flame’s sooting tendency significantly. As previously 
discussed the purpose of this investigation is to evaluate the potential o f oxygenates to 
reduce particulate emission of diesel fuel. Therefore the blend used as a base fuel in these 
sets of tests all contained 25% w/w aromatics ,which is a similar range to the actual diesel 
fuel.
The addition of alcohols significantly improved the flame height, but still the sooting 
tendency of aromatics was proved to be dominant in lower concentrations of alcohols in 
the mixture (less than 5% of alcohols ) .
Addition of ethers (MTBE) to the hydrocarbon mixture proved more powerful than 
alcohols in the same range of concentration , which shows the positive effect of ethers in 
suppressing the sooting height.
Similar results were obtained when diesel fuel was used instead of the synthetic 
hydrocarbon blend.
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It can be concluded that a sharp drop in the flame propensity to sooting is observed when 
10% or greater of different oxygenates are added to toluene or a blend containing high 
aromatics such as diesel fuel. Therefore fuel additives may also be important for particulate 
control in diesel fuel.
FIGURE: 5.6 EFFECT OF MTBE ON SOOTING TENDENCY OF DIESEL FUEL
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This chapter concentrates on studies using NMR spectroscopy in the characterisation 
o f fuels containing oxygenates.
Several papers36,57,65 have been published on the application of NMR for oxygenated 
gasoline but most of the work has concentrated on commercial gasolines and the 
analysis of the most popular oxygenated additives such as MTBE, TAME, ETBE and 
C1.C4 single bonded alcohols which are used in general commercial gasolines. These 
analyses have been mostly based on proton *£[ NMR studies. Some research on the 
study of commercial gasoline using NMR spectroscopy has also been carried out in 
India.57
In this work a NMR study on the different and most popular oxygenates used in 
commercial gasoline has been made plus an analysis of the oxygenates present in 
specialised gasoline mixtures, which are more difficult to interpret by the developed 
methods.
NMR spectroscopy provides information about the types, numbers, and connectivity of 
particular atoms. Thus e.g. ethanol, CH3CH2OH, has two types of carbons in the ratio 
1/1 and three types o f hydrogens in the ratio 3/2/1, and that the methyl and methylene 
groups are bonded together rather than separated by oxygen.
Unlike other spectroscopic techniques, NMR does not directly involve electrons or 
bonds but the nuclei of compounds. The nuclei of all atoms possess a charge and spin 
about an axis; this creates a magnetic field which is analogous to the field produced 
when an electric current (electrons) passes through a coil of wire. The spin number for 
both the electron and the proton is 1/2, however not all nuclei possess a magnetic 
moment (Table 6.1). Only nuclei with an odd sum of protons and neutrons have
, 3 0 3 9  5 4
magnetic moments. * 5
6.1 ABSTRACT
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TABLE: 6.1
SPECTRAL AND MAGNETIC PROPERTIES OF SOME COMMON NUCLEI
Nucleus Spin number Absorption ft'equency, * MHz Isotopic abundance, %
JH 1/2 60.0 99.98
2H(deuterium) 1 9.2 0.016
i2C 0 - 98.9
13c 1/2 15.1 1.11
19f 1/2 56.6 1P0.0
31P 1/2 24.3 100.0
• At 14,092 G external magnetic field.
I
\  The most commonly examined nuclei are hydrogen (often referred to as the proton,
!H ) and carbon-13 ( l3C ). Most elements in the periodic table have NMR-active 
isotopes.
When analysing protons, the NMR experiment may be applied down to microgram 
quantities and when analysing carbons, to milligram quantities. The samples may be 
mixtures. Thus NMR comprises a very general approach to structural elucidation, as is 
described in the following section.56
6.2 INTRODUCTION
In this report an experimental and computational protocol is established for the 
determination o f oxygenates in different types o f gasoline using NMR.
The initial work started by using NMR, however, due to the poor resolution o f  
mixture o f oxygenates such as MTBE, TAME , ETBE, Ci- C 4 alcohols, gasoline and 
the laboratory made standards, the study was re-aligned to using 13C NMR.
6.3 BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE
The simplest atom, hydrogen, is found in almost all organic compounds and is 
composed of a single electron. Its notation is lH ,  in which the superscript signifies the 
sum o f protons and neutrons (atomic mass). The key aspect of the hydrogen nucleus 
for the purpose o f NMR is that it has angular momentum properties that resemble the
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classic concept of a spinning particle. Because the spinning nucleus is positively 
charged , it generates a magnetic field and possesses a magnetic moment p, just as a 
charge moving in a circle creates a magnetic field ( Figure 6.1).The magnetic moment 
p is a vector, because it has both magnitude and direction, as defined by its axis of spin 
in Figure 6.2. The NMR experiment exploits the magnetic properties of nuclei to 
provide structural information?8,39
FIGURE: 6.1
I
x
Charge moving Spinning spherical
in a circle nucleus
FIGURE : 6.2
No spin Spinning sphere Spinning ellipsoid
1 = 0 1=1/2 1= 1,3/2,2, ...
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The spin properties of protons and neutrons in the nuclei of heavier elements combine 
to define the overall spin of the nucleus. Therefore it would be appropriate to consider 
three types of nuclei:
Typel: Nuclei with 1 = 0. These nuclei do not interact with the applied magnetic field 
and are not NMR active. Nuclei with 1 = 0 have an even number of protons and even 
number of neutrons and have no net spin. This means that nuclear spin is a property 
characteristic of certain isotopes rather than of certain elements. The most prominent 
examples of nuclei with I =0 are 12C and 160 , the dominant isotopes of carbon and 
oxygen. However both oxygen and carbon have isotopes which can be observed by 
NMR spectroscopy.
Type2: Nuclei with I = 1/2. These nuclei have a non-zero magnetic moment and are 
NMR visible and have no nuclear electric quadruple (Q). These have a spherical shape 
with a spin I  of 1/2 (Figure 6.2).The two most important nuclei for NMR spectroscopy 
belong to this category: *H (ordinary hydrogen) and 13C (a non-radioactive isotope of 
carbon occurring to the extent of 1.06% at natural abundance ). Together, NMR data 
for !H and 13C account for well over 90% of all NMR observations in the literature and 
the discussion and examples in this report all refer to these nuclei.
Type3: Nuclei with I  > 1/2 (in increments of 1/2). These nuclei have both magnetic 
moment and an electric quadruple with nonspherical shape (Figure 6.2). This group 
includes some common isotopes ( e.g. 2H, and 14N )but they are more difficult to 
observe and spectra are generally very broad.39
The magnitude of the magnetic moment produced by a spinning nucleus varies from 
atom to atom. When a substance containing hydrogen nuclei (almost any organic 
compound) is placed in a powerful magnetic field B0, the tiny magnetic moment of 
each proton will orient itself either in alignment with this external magnetic field 
Iz=+l/2 or against the external field Iz = -1/2. Thus the applied external magnetic field 
causes all the sample protons to be in either a low energy state (aligned with the 
magnetic field) or a high energy state (aligned against the magnetic field). The nuclei in 
the lower energy state can be caused to absorb electromagnetic radiation (in the radio­
frequency range) to make the transition from the lower to the higher energy state. 
When a radio-frequency field is superimposed over a stationary magnetic field 
containing specific nuclei, the energy transition (AE) from the lower energy state to the 
higher state can be calculated from (Planck's equation) 39
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yH0
E = -----------
2n
where AE = frequency
y = gyromagnetic ratio = 2.674 x 104 G'1*. S'1 
Ho = magnetic- field strength = 14,092G for H 
7t =  3.142
FIGURE: 6.3
Calculations with Planck's equation yield a frequency of 60.00 x 106 s'1 
(or 60.00 MHz ) for *H for H0= 14.092 G. The quantity 1 MHz represents a million 
(M, the SI prefix for "mega" or "1 million" ) hertz (Hz) or cycles per second.54 
y is a characteristic of the nucleus called the magnetogyric ratio or gyromagnetic ratio 
. The larger the y, the larger the magnetic moment of the nucleus. Because 
gyromagnetic ratios vary among elements and even among isotopes of a single 
element, resonance frequencies also vary. The proton has one of the largest 
gyromagnetic ratios, so its spin states are far apart and the value of AE is large. Other 
important nuclei such as 13C and 15N have much smaller gyromagnetic ratios and hence 
have smaller differences between the energies of the two spin states (Figure 6.3). 
Absorption of energy is easier to observe when the spin states are energetically further 
apart. An increase in AE means that there are more nuclei in the lower spin state (Ei) 
as compared with the upper spin state (E2 ). The increase in +1/2 nuclei at the expense 
of -1/2 nuclei leads to a greater net absorption of energy and a larger signal.
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FIGURE: 6.4
E2 Bo = 7.04 T
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In summary, the NMR experiment consists of immersing magnetic nuclei in a strong 
field Bo to distinguish them according to their values of Iz , followed by application of a 
Bi field whose frequency corresponds to the Larmor frequency. The frequency is 
related to the energy difference between the Iz spin states, AE ~ h y .  This energy 
difference depends on the value o f B0 (Figure 6 .3 )38
As discussed earlier, the gyromagnetic ratio of the nucleus will depend on the strength 
of the applied field, Ho. It is found that
r  = K H 0
Where K is a constant characteristic of the nucleus observed. The above equation is 
known as the Larm or equation and is the fundamental relationship in NMR 
spectroscopy. Unlike other forms of spectroscopy, in NMR the frequency of the 
absorbed electromagnetic radiation is not an absolute value for any particular 
transition, but has different value depending on the strength of the applied magnetic 
field. For every value of H0, there is a matching value of y corresponding to the 
condition of resonance according to the last equation, and this is the origin of the term 
Resonance in Nuclear Magnetic Resonance Spectroscopy . Thus for *H and 13C, 
resonance frequencies corresponding to magnitudes of applied magnetic field (PL ) 
commonly found in commercial instruments operating at "60MHz" (for LH) are given 
in Table 6.1
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NMR spectrometers are commonly known by the frequency they use to observe *H 
e.g. as "60MHz", " 200 MHz" or "400 MHz" instruments, even if the spectrometer is 
set to observe a nucleus other than 1h .59,60
6.4 TERMINOLOGY IN NMR SPECTROSCOPY
6.4.1 CHEMICAL SHIFT
Examination of the spin properties of hydrogens, carbons, and other nuclei in organic, 
biological, organometallic, and inorganic molecules characterises each nucleus 
according to a physical parameter called the chemical shift. Partial or even complete 
structures may be derived from analysis of chemical shifts alone.
I
> Chemical shift is an important feature of high - resolution NMR spectra.
Molecular structure is a function of the type of bonding in the molecules, and is a 
function of the electron population in any part of the molecule. The electron cloud that 
surrounds the nucleus also has charge, motion, and hence a magnetic moment. 
Therefore observed resonance frequency Vo depends on the molecular environment as 
well as on yB0 . The magnetic field that electrons generate alters the B0 field in the 
microenvironment around the nucleus.
The actual field experienced by a given nucleus thus depends on the nature of the 
surrounding electrons. This electronic modulation of the B0 field is termed shielding, 
which is represented by the Greek letter a. The actual field experienced by the nucleus 
becomes Biocai and may be expressed as Bo ( 1- a), in which electronic shielding a  may 
be either positive or negative number. Variation of the resonance frequency with 
shielding has been termed the chemical shift.59
Therefore the expression for the resonance frequency in terms of shielding is given by 
the following equation. Decreased shielding results in a higher resonance frequency v0 
at
yBo(l-a)
Vo= ~ 2n -------
constant B0, since a  enters the equation with a negative sign. For example, the 
presence of an electron-withdrawing group in a molecule reduces the electron density
157
FIGURE: 6.5
THE 300 M HZ 'I I  SPECTRUM (UPPER) AND THE 75.45 M HZ 13C 
SPECTRUM OF METHYL ACETATE IN CDCL3 (THE TRIPLET AT « 77 IS 
FROM  SOLVENT).THE 13C HAS BEEN DECOUPLED FRO M  THE
PROTONS.
OCH,
around a proton, so that there is less shielding and a higher resonance frequency than in 
the case of a molecule that lacks the electron- withdrawing group. Thus protons in 
fluoromethane (CH3F ) resonate at a higher frequency than those in methane (CH4) 
because the fluorine atom withdraws electrons from around the hydrogen nuclei.
Figure 6.5 shows the NMR spectra separately of the protons and the carbons of methyl 
acetate (CH3CO2CH3). Although 98.9% of naturally occurring carbon is the 
nonmagnetic 12C, the carbon NMR experiment is carried out on the 1.1% of 13C.' The 
XH spectrum contains separate resonance for the two types o f protons (O-CH3 and C- 
CH3), and the 13C spectrum contains separate resonances for the three types of carbon 
( 0 -CH3> C-CH3j and carbonyl) (Figure 6.6).56
FIGURE: 6.6
*£[ resonances
C resonances
The proton resonances may be assigned on the basis of the electron-withdrawing 
abilities (electronegativity) of the neighbouring atoms . The ester oxygen is more 
electron withdrawing than the carbonyl group, so the O-CH3 resonance occurs at high 
frequency than (and to the left of) the C-CH3 resonance. By convention, frequency in 
the spectrum increases from right to left for consistency with other forms of 
spectroscopy; Figure 6.7 demonstrates the effect. Therefore shielding increases from 
left to right.56
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FIGURE : 6.8 
'H  NMR SPECTRUM O F ETHANOL
Another example which is most often used to illustrate chemical shifts is ethanol. The
*H NMR spectrum of ethanol in Figure 6.8 consists of three lines, whose intensities are
in the ratio 3 :2:1 .Each line is further split due to spin coupling.
The three lines are clearly due to the three 'types' of nucleus. Furthermore, the relative
intensity ratios suggest that the CH3 protons are equivalent, as are the CH2 protons,
with the OH proton forming a third 'group'. Obviously the nuclei experience local fields
due to their molecular surroundings which are different from Bo.59
Because NMR spectrometers with different field strengths are in use, it is desirable to
express the position o f resonance in field-independent units and with respect to the
resonance of a reference compound. For proton spectra in non-aqueous media, the
reference material is tetramethylsilane, (CH3)4 Si, abbreviated TMS, whose position is
 ^ assigned as exactly 0.0 on the 6 scale. TMS contains 12 protons, but theses are all
x
chemically equivalent and therefore gives rise to a single sharp signal at an Ho (applied 
field) higher than most other proton resonances. The magnitude of the chemical shift is 
expressed in parts per million:
Hr - Hs V s - V r
5 = ------------- x 106 = ----------------  x l O6
Hr Vr
where Hr and Hs are the positions of the absorption lines for the reference and sample, 
respectively, expressed in magnetic units (gauss), and vr and vs are the corresponding 
frequencies expressed in hertz. A positive 5 value represents a greater degree of 
shielding in the sample than in the reference.67
6.4.2 RELAXATION
Since the net absorption of energy depends on the existence of a finite population 
difference between the lower and upper state, and since the absorption process tends to 
reduce this difference, it might be expected that the absorption of energy would soon 
cease. In fact the upper state is able to lose energy without emitting radiation, and the 
ways in which it does this are known as relaxation processes.
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There are two relaxation mechanisms available to the nucleus and, in the first of these, 
energy is lost directly to the surroundings, which are referred to as the lattice. This 
process can be described by a rate constant, and 7/ is known as the spin- lattice, or 
longitudinal, relaxation time. For nuclei with 7=1/2 in liquids, values of Ti range from 
1 0 ' 2  to 1 0 2  s unless paramagnetic species are present, in which case Ti may be much 
smaller. The second relaxation mechanism is one in which energy is transferred 
between spins in the system, and is characterised by another rate constant: T2  is the 
spin-spin, or transverse, relaxation time . 6 2
Interactions between NMR-active nuclei, as measured by the coupling constant arid the 
relaxation time, provide information about connectivity between atoms.
6.4.3 13C NMR SPECTROSCOPY
The most abundant isotope of carbon ( 1 2 C) cannot be observed by NMR.
13C is a rare nucleus (1.1% natural abundance) and its low concentration coupled with 
the fact that 13C has a relatively low resonance frequency, leads to its relative 
insensitivity as an NMR-active nucleus (about 1/6000 as sensitive as 1H). However, 
with the increasing availability of routine pulsed FT NMR spectrometers, it is now 
common to obtain many good quality spectra o f 13C NMR . Because the 13C nucleus is 
isotopically rare, it is extremely unlikely that any two adjacent carbon atoms in a 
molecule will both be I3 C. 13C NMR spectra usually appear as a series of singlets 
(when *H is fully decoupled) .If !H is not decoupled from the 13C nuclei during 
acquisition, the signals in the 13C spectrum appears as multiplets. CH3. signals appear as 
quartets, -CH2- signals appear as triplets,-CH- groups appear as doublets and 
quaternary C (no attached H) appear as singlets. The multiplicity information, taken 
together with chemical shift data, is useful in identifying and assigning the I3C 
resonances . 5 9
6.5 EXPERIMENTAL
In the course of this work applications research has been carried out using a 300MHz 
Bruker NMR instrument.
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Preliminary experiments started as characterisation of individual C r  C4  alcohols and 
ethers (MTBE, TAME, ETBE, DIPE) using lH NMR and 13C NMR in order to study 
their individual spectroscopic performance. Following the above, conventional base 
gasoline samples (without any oxygenates) were doped with different kinds of 
oxygenates with different concentrations. These blended gasolines were purposely 
designed to have similar characteristics to commercial synthetic gasoline as used in 
specialised fuels. All the above blends were analysed. This work was followed by 
analysis of conventional gasoline and different synthetic gasolines.
Most of this study has been concentrated on using 13C NMR.
The following sets of analysis has been carried out and interpreted:
- The spectrum of base gasoline (unleaded) without any octane enhancing additives i.e 
oxygenates, was analysed in order to obtain structural information and to ensure that 
there are no spectral features present at the same chemical shift as oxygenates.
Spectra of the base gasoline sample number 106 for both lU. NMR and 13C NMR were 
generated, these are demonstrated in Figure 6.9 and Figure 6 . 1 0 .
In this work unleaded gasoline has been used as a blank solution for the preparation of 
standard oxygenated gasoline- blends.
- Individual oxygenates using NMR and 13C NMR techniques for the purpose of 
characterisation of their chemical shift values.
- Calibration standards of mixture of each 5w/w % individual oxygenates (most 
commonly
used in commercial gasoline) made in iso-octane.
- Samples of commercial gasoline
- Special gasoline blends containing oxygenates made in base gasoline. These blends 
have been prepared and designed to be qualitatively and quantitatively almost identical 
to synthetic fuels being used in international automobile and motorcycle racing.
- Analysis of different automobile and motorcycle racing fuel.
- Range of quantitative blends according to the each type oxygenates considering 
percent level of oxygen present in the oxygenate were prepared and analysed and their 
chemical shift and their intensities were investigated.
The oxygenates which have been used for this work were:
Methanol (MeOH), ethanol (EtOH), ^-propanol ( »-PrOH), 2-propanol
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FIGURE: 6.9
SAMPLE 106, *H NM R SPECTRUM OF BASE GASOLINE 
( NO OXYGENATED HYDROCARBON PRESENT)
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FIGURE: 6.10
SAMPLE 106 , 13C NM R SPECTRUM OF BASE GASOLINE 
( NO OXYGENATED HYDROCARBON PRESENT)
(isopropyl alcohol, isoPrOH), 1-butanol (7 7 -BuOH), isobutyl alcohol (/so-BuOH), 
metyl fer/-butyl ether (MTBE), ethyl fer/-butyl ether (ETBE), fert-amyl methyl ether 
(TAME), 2- metyl 3 butyn 2 ol, fert-amylalcohol were all spectroscopic grades. 
Laboratory oxygenated blends were analysed and investigated qualitatively and 
quantitatively. Commercial gasolines and racing fuel were analysed and investigated by 
reference to the previous work.
6.5.1 lTL NMR SPECTRA
All the chemical shift values are reported with respect to tetramethylsilane (TMS) 
equals 0.0 ppm.
1  The spectra of standard solution, sample 165, containing 5 w/w % of each of the
following oxygenates diluted in 10 w/w % CDCI3  were obtained and recorded using *H 
NMR.The standard spectra is shown in Figure 6.11. i.e. methanol, ethanol, n-propanol, 
iso- propanol, n-butanol, iso-butanol, MTBE, ETBE, tert-amyl alcohol and TAME. 
Also the spectra of neat oxygenates were recorded, (Table 6.1) shows the chemical 
shift of the individual alcohols and ethers in *H NMR spectra.
The spectra were integrated between 0 and 10 ppm. However to measure the integral 
area of oxygenates, the region between 2.0- 4.0 ppm was studied.
6.5.2 13C NMR SPECTRA
The following standards were prepared in base gasoline and diluted in approximately 
10 w/w % CDCI3 analysed using I3C NMR:
5 w/w % secondary butanol + 5 w/w % tert-amyl alcohol 
10w /w %  secondary butanol 
15 w/w % secondary butanol
5 w/w % 2-methyl-3 butyn 2 ol + 5 w/w % tert-amyl alcohol
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FIG U R E: 6.11
SAMPLE 165 , ‘H NMR SPECTRUM OF STANDARD SOLUTION 
CONTAINING 5% OF NINE OXYGENATES
5 w/w % 2- methyl- 3 butyn 2-ol + 5 w/w % secondary butanol + 
5 w/w % tert- amyl alcohol
10 w/w % 2-methyl-3 butyn 2-ol 
15 w/w % 2-methyl-3 butyn 2-ol 
2 w/w % MTBE
5 w/w % MTBE +5 w/w % tert- amyl alcohol 
10 w/w % MTBE
20 w/w % MTBE + 5 w/w % tert- amyl alcohol
15 w/w% MTBE + 5w/w %IPA +5w/w % tert- amyl alcohol
5 w/w % IPA + 8 w/w % MTBE + 5w/w % tert- amyl alcohol 
2 w/w % IPA
4 w/w % IPA
6 w/w % IPA 
10 w/w % IPA
. 12 w/w % IPA
5 w/w % ETBE 
10 w/w % ETBE 
15 w/w % ETBE 
20 w/w % ETBE
18 w/w % ETBE + 5 w/w % tert- amyl alcohol 
5 w/w % TAME 
10 w/w % TAME 
15 w/w % TAME
20 w/w % TAME + 5 w/w % tert- amyl alcohol 
5 w/w % DIPE 
10 w/w % DIPE 
15 w/w % DIPE
20 w/w % DIPE + 5 w/w % tert- amyl alcohol 
Spectra of samples were obtained in solution of 10 w/w % of CDC13 using 300 MHz 
NMR The spectral parameters were as follows: 
number of scans, NS = 1024
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The spectra were integrated between 5 and 145ppm. However to measure the integral 
area of oxygenates, the region o f 5- 90 was studied.
In order to identify qualitatively each of the oxygenates by 13C NMR chemical shift 
data were prepared, see (Table 6.2) and subsequently a standard blend of 5% of each 
oxygenates in iso-octane were prepared, analysed, and integrated. Figure 6.12 shows 
the 13C NMR spectrum of the above blend.
6.5.3 CALIBRATION
i
After identification of each oxygenate from their characteristic chemical shift values 
and splitting patterns, integral value for each standard against the chemical shift values 
were measured and plotted.
A concern was the possible changes of particular I3C chemical signals with the 
composition of the samples. In the event these observed shift differences were less than 
1 ppm. For example for the tertiary butyl carbon attached to oxygen, shift values of 
between 72.00-72.90 ppm were observed in the spectra of MTBE and ETBE in the 
various sample standards. Similar variations of less than 1 ppm were observed for 
other characteristic carbon- oxygen signals.
6.6 RESULTS AND DISCUSSION
6 .6.1 IDENTIFICATION
The first task was to identify the most common nine individual oxygenates from their 
characteristic chemical shift data; (Table 6.1) and (Table 6.2) demonstrate these 
chemical shifts. Secondly, the spectra of *H NMR and 13C NMR of unleaded gasoline 
were investigated. The NMR spectra of typical unleaded gasoline (base gasoline), 
sample 106 with no oxygenates, is shown in Figure 6.9 and Figure 6.10. It is clear 
from these spectra that the hydrocarbon composition of base gasoline is irrelevant in 
the region from 40 -80 ppm of 13C NMR and 3.0-4.5 of *H NMR, where alcohols and 
ether resonances fall and no hydrocarbon interferences occur. This is the initial step 
prior to any study of oxygenates by NMR spectroscopy since if there were any
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interferences from hydrocarbon in the region of interest then there would be little 
reason for further work to be carried out. So as to ensure the above a variety of base 
gasolines have been scanned and all have provided to be of no difficulty for either of 
the techniques *H NMR ,13C NMR.
6.6.1.1 *H NMR
The study of the chemical shifts of individual oxygenates in Table 6.2 shows that 
alcohols and ethers give separate signals.
Therefore it becomes evident that these oxygenates of Table 6.2 can be identified and 
quantified accurately when they are present individually in gasolines such as 
reformulated gasoline. However in *H NMR spectra of the alcohols, the chemical shifts 
of the OH protons depend on the polarity of the O-H bond and the degree of 
association, in other words, these spectra are not very useful for identification o f 
alcohols.63,68 The same table shows the closeness of these chemical shifts to each 
other. Thus when the concentration of oxygenates increases, as it does in gasoline, or 
when there is more than one type of oxygenates present in gasoline or when more 
complicated mixtures of oxygenates are used in gasoline, this overlapping of chemical 
shifts could make *H NMR studies for this type of oxygenated gasoline not meaningful. 
This is quite evident in Figure 6.11 which demonstrates the !H NMR spectrum of a 
gasoline blend ( sample 165 ) containing 5 w/w % of the nine alcohols and ethers. The 
overlapping of signals and poor resolution of the mixture of oxygenates is observed.
At this stage the work concentrated on using the 13C NMR technique. The first step at 
this point was to overview spectra of similar types of blends as previously used. 
Therefore 13C NMR spectra of similar blend containing nine oxygenates in gasoline 
was generated (Figure 6.12) which looked promising as all the alcohols and ethers 
were well resolved. Therefore the spectra o f *H NMR and 13C NMR of gasoline blend 
containing nine different types of oxygenates (5w/w% each) were compared and only 
use of 13C NMR made for further work. See (Figure 6.11 and Figure 6.12).
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SAMPLE 165, 13C NMR SPECTRUM  OF STANDARD SOLUTION 
CONTAINING 5%  OF NINE OXYGENATES
FIGURE: 6.12
6.6.1.2 13CNM R
Chemical shift data o f individual oxygenates were generated. The characteristic 13C 
NMR chemical shift data is given (Table 6.2).The study of this table makes it clear that 
alcohols and ethers give separate signals with no interference to each other.
The study of the spectrum 13C NMR of gasoline blends of containing 5w/w% of nine 
different oxygenates (Figure 6.12) confirms that the mixture of oxygenates also can be 
identified and quantified as the difference in their respective chemical shift is large.
As a result o f the above observation further combination of standards were generated 
identified and quantified.
As mentioned previously, this work has been aimed at the determination of specialised 
fuels, therefore some of the in house standards were blended with some more unusual 
type of oxygenates in order to investigate how the 13C NMR spectra respond.
In this connection further discussion is necessary to be made for the identification of 
some of the alcohols and ethers used in this work, prior to moving to quantification of 
oxygenates by 13C NMR. As discussed in the previous sections, replacement of a 
hydrogen on a carbon with a heteroatom usually results in shifts to higher frequency 
(down field) because of inductive effects on the radial term. Therefore hydroxy- 
substituted carbons (alcohol) resonate in the range of 6 49- 75. (See Figure 6.7).
This also can be seen from looking at the data (Table 6.2), which shows the chemical 
formula for each oxygenate. The 13C spectrum of secondary butanol sample 98, in 
Figure 6.13, shows 4 singlet peaks, one for each of the 4 different carbon environments 
in the molecule.
c h 3- c h —  c h 2— c h 3
OH
1) At lOppm carbon of jQ iL —  CH2 resonates.
2) At 23 ppm carbon of CH2— CH3 resonates.
3) At 32 ppm carbon of CH3—  CH resonates.
OH
4) At 69.176 ppm carbon of HC —  OH resonates.
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As can be seen from the above interpretation replacement of H by CH3 adds about 9 
ppm to the chemical shift of the attached carbon , or it would be more correct to state 
that any group that replaces hydrogen on a resonating carbon atom causes a relatively 
constant shift that depends primarily on the electronegativity of replacing the functional 
group like in the above example of secondary butanol which is hydoxyl group which 
has shifted the resonance to 69.18 ppm.
The most unusual oxygenate which has been utilised in this study was 2-methyl-3 
butyn- 2-ol with a molecular structure of:
1) At 64.73 carbon of HC = resonates.
2) At 89.63 carbon of e  C —  resonates.
3) At 69.70 carbon of —  C —  OH resonates.
An alkyne carbon which carrying a hydrogen substituent ( HC= ) is resonating in the 
narrow range 64.73 ppm. An alkyne carbon i.e. that carrying carbon substituent 
(= C —- C ), resonates at a slightly higher frequency ( down field ) 89.63 ppm.
The reason why these two alcohols were individually chosen and compared for 
interpretation in this work was as discussed previously. These two alcohols cannot be 
separated using other methods of determination such as gas -chromatography. While 
the above interpretation of 13C NMR spectrum identification demonstrates well 
separated signals for both alcohols without causing any misidentification.
Usually the number of resonances visible in a 13C NMR spectrum indicates the number 
of distinct 13C environments in the molecule. If the number of 13C environments is less 
than the number of carbons in the molecule, then the molecule must have some 
symmetry which dictates that some 13C nuclei are in identical environments.
Dimethyl ether and di-isopropyl ether are typical examples.
Dimethyl ether [(CH3)20] resonates at 5 59.50,and di-isopropyl ether resonating at 
68.38 ppm. Therefore symetrical ethers produce a single sharp peak.
H O C — C —  CH3
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FIGURE: 6.13
SAMPLE 9 8 ,13C SPECTRUM  O F SECONDARY BUTANOL
c h 3 c h 3
\ /
CH3—  0  —  CH3 CH—  O - -C H
/ \
Di-methyl ether c h 3 c h 3
Di-isopropyl ether
However in mixed ethers two carbons are connected to oxygen therefore giving at two 
intensities peaks. MTBE is a good example of this.
CH3
* 1 
'  CH3—  C —  OCH3
c h 3
methyl tertiary butyl ether 
MTBE
1) At 23 ppm carbon of methyl ( — _CH3 ) resonates.
2) At 49.0 ppm carbon of ( —  OCH3) resonates.
3) At 72.0 ppm carbon of —  C—  O resonates.
Ethers resonate in the range of 8 59-80, which this shows the ether range is translated 
even a few ppm to higher frequency (downfield) from alcohols because each ether 
must have one additional p effect with respect to the analogous alcohol.
For this reason two chemical shifts are observed in the region. Observed intensities 
depend also on relative relaxation times. The faster the carbon is moving, the less 
efficient the relaxation and the smaller the observed, steady-state signal intensity. A 
chain end methyl group waves about quickly, relaxes slowly and gives a lower 
observed intensity. Methyls attached to the main body of a molecule tend to be moving 
slower, they relax more efficiently and give a larger observed signal. From the above 
interpretation it can be concluded that the reason for the 13C NMR's superiority to *H 
NMR analysis of oxygenates in gasoline is the spread of chemical shift is very large
175
( -25 ppm) compared to *H NMR chemical shift (0.9 ppm).
6.6.2 QUANTITATIVE ESTIMATION
As a result of the work which has been discussed it can be observed that all the blends 
of any of the oxygenated mixtures and the isomers of butanol gave well-resolved 
signals and thus posed no difficulty in their identifications.
Table 6.3 demonstrates the full detail of the blends and their characteristic chemical 
shifts.
Two methods were investigated in this work for quantitative estimation.
1- Calibration curve. Calibration curve was prepared plotting intensity against 
concentration for individual oxygenates. MTBE, IP A, DEPE each proved linearity 
of given intensities with their concentration, (see Figure 6.14). However some 
difficulties occurred with maintaining the linearity of ETBE and TAME.
2- Ratio of intensity to each per cent concentration of each oxygenate i.e. MTBE
Ratio f lMntensitv of 5% MTBE =3.390 = 0.68 
5 5
Ratio f2)=intensitv of 15%MTBE = 11.028 = 0.70 
15 15
Ratio (3)=intensity of 20% MTBE = 13.976 = 0.73 
20 20
and approximately all ratio per each percent of ratio(l) = ratio(2) = ratio(3). This 
indicates that the increase in intensity is approximately proportional to the 
concentration increase.
Because of the promising results gained, further blends of standards with spectra were 
generated.
The detailed information obtained for the individual oxygenates in relation to the 
intensities are tabulated in Tables 6.4 ( a,b,c,d,e) and 6.5.
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Samples of different types of gasoline containing oxygenated hydrocarbon (samples 
134 to 165) were then analysed and the oxygenates present in them were identified and 
then compared to the above tables and also were investigated over the individual 
calibration graphs. The interpretation of the above samples proved to afford results 
approximately close to the estimated values by the suppliers of the fuel. Good 
examples of this type of result are demonstrated in sample 134, where the blend of 
MTBE and the IPA in the fuel has provided us with corresponding results to the 
original. The detailed comparison is demonstrated in Table: 6.5.
Identification of oxygenates by the use of high resolution 13C NMR overcanle the 
misidentification difficulties which the GC method had encountered, i.e. the spectra of 
sample 164 proved that even the mixture of secondary butanol and 2- methyl-3- butyn-
2-ol were well resolved. However, extra attention needed to be paid when 
distinguishing between ETBE and MTBE since both present a peak at around 72 ppm. 
However the difference is that MTBE produces two carbon peaks attached to oxygen, 
a: 72~ppm, b: 49~ppm, although ETBE has a: 72~ ppm, b: 56~ppm. Therefore unless 
the blend had both oxygenates together then there should not be any complication, see 
Figure 6.14.
Although the results in general have proved promising, further quantitative results have 
been carried out over a one year period since these original analyses were conducted. 
Since operating conditions over this period could not be fixed absolutely room for 
greater differences in the results should be allowed.
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TABLE 6.2:13C NMR CHARACTERISTICS OF INDIVIDUAL OXYGENATES
K
\
Sample
ID Fuel Oxygenate Formula
Physical
Property
Chemical
Shift
Characteristic
Group
MW Density
96
MTBE
c h 3
1
c h 3— c — o c h 3 88.15 0.74
72.00 \ : —o
/
!
c h 3
49.00
o c h 3
97
EPA
c h 3 
\ C H  — OH
/
c h 3
60.0956 0.7863 64.00
^ C H  _ O H
98 sec- butanol
1 2 3 4
c h 3 - c h -  c h 2 -  c h 3 
1
OH
74.1224 0.808 69.18 h 2c (2)- o h
99 2-metliyl-3-butyn 
2-ol
OH
1
89.63 sC<3)~
H O C  —  C — CH3
4 3 2 | 1 84.12 0.8618 64.73 h c (4)=
c h 3
69.70
1
—  C (2) OH
100 ter/-amyl alcohol
CjH3
OH C — CH2 —  CH3
c h 3
88.144 0.81
70.67 /
HO —  C — 
\
101 ETBE
c h 3
1
c h 3' ~  c  —  o — c h 2— c h 3 
c h 3
102.176 0.742 72.10
56.83
\—C —o  
/
—o —  c h 2—
102 TAME
CH3
1
c h 3 —  c h 2— c ~  o c h 3 
1
c h 3
102.176 0.77
74.00
49.00
\
-y C —O—
c h 3o  —
103 MeOH
CH3 —  OH 32.042 0.7924 49.00 h 3c — o h
104 EtOH
CH3 —  CH2OH 46.0688 0.816 58.00 H2C —  OH
105 «-propanol
c h 3 —  c h 2— c h 2o h 60.0956 0.804 64.00 H2C — OH
106 base gasoline 
no oxygenate - - - - -
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TABLE 6.3: 13C SPECTRAL CHARACTERISTICS OF OXYGENATES IN
GASOLINE BLEND
I
Sample
ID Fuel
Oxygenate Formula Chemical
Shift
Characteristic
Group
107
MTBE
+
TAA 
in base gasoline
CH3
CHj-C- OCH3 
1
c h 3
c h 3
1
HO- C- CH2- CH3 
1
c h 3
72.35
49.08
70.11
Y c - O
/
-OCH3
\
— C- OH 
/
108
MTBE
+
IPA
+
TAA 
in base gasoline
c h 3
1
ch3 - c- och3 
1
c h 3
c h 3\
CH - OH
c h 3/
c h 3
1
h o - c- c h 2- c h 3
1
CH3
72.49
49.03
63.73
70.44
—  C- O 
-OCH3
\
CH-OH
y  /
H O — C —
\
109
sec- butanol
+
2-metliyH-butyn
-2-ol
+
/e/Y-amylalcohol 
in base gasoline
OH
1
CH3-CH-CH2-CH3
1 2  3 4
OH
1
HC e C - C- CH3
4 3 | 2  1
c h 3
c h 3
1
h o - c - ci-i2- c h 3
1
c h 3
69.18
89.70
64.65
69.66
70.98
HC0)-OH 
s C(3) - 
HC(4) =
—  C (2)OH
/
HO— C —
110
sec- butanol 
+
TAA 
in base gasoline
OH
1
c h 3- c h - c h 2- c h 3
1 2  3 4
c h 3
1
HO-C~CH2-CH3
1
c h 3
69.10
70.67
\
—  c(2)- o h
/  /
h o - c —
\
111 MTBE
IPA
CH3
1
ch3- c - o -  ch3 
1
c h 3
c h 3 s.
CH - OH
c h 3 /
72.46
49.08
-^b-o
/
^  - o c h 3
CH — OH
/
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TABLE 6.3: 13C SPECTRAL CHARACTERISTICS OF OXYGENATES IN GASOLINE
BLEND
Sample
ID Fuel
Oxygenate Formula Chemical
Shift
Characteristic
Group
112 ETBE+
TAA 
in base gasoline
c h 3
1
CH3—c — O—CHr- CH3 
1
c h 3
c h 3
1
CH3 -  CHj-C-OH 
1
CH3
72.10
J
/ 1 o
56.83 — o—  c h 2—
70.34
.......... V
HO — C—- 
\
113
TAME
+
TAA 
in base gasoline
c h 3
1
•— c h 3 —c h 2 —c —  o c h 3 
1
c h 3
c h 3
1
CH3 -CH2 —C - OH 
!
c h 3
74.28
\
/ c - o
48.71 CH3O —
70.23 /
HO — C —  
\
114
DIPE
TAA 
in base gasoline
c h 3 cp3
'bn—  o — ch
/  \
c h 3 c h 3 
c h 3 
1
c h 3 - c h 2- c- o h  
1
c h 3
68.38
70.34
\
CH—  O 
/
HO — C —  
\
TABLE: 6.4 (a) 
MTBE
Sample Concentration, Chemical Shift, Intensity
Intensity 
Ratio ------------
ID w/w % ppm Concn
115 5 70.90 9.567 1.91
49.58 11.5 2.3
116 8 72.57 15.911 1.99
49.17 30.582 3.82
117 15 72.72 34.0 2.27
49.28 56.6 3.77
118 20 72.54 41.0 2.05
49.24 85.8 4.28
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TABLE: 6.4 (b) 
IPA
Sample
ID
Concentration,
w/w %
Chemical Shift, 
ppm
Intensity
Intensity
Concn
119 4 63.71 18.0 4.5
120 5 63.87 18.8 3.76
121 6 63.71 24.2 4.03
122 10 63.68 25.1 2,51
123 12 63.56 61.3 5.1
TABLE: 6.4 (c) 
DIPE
*
TABLE: 6.4 (d) 
ETBE
Intensity
Sample Concentration, Chemical Shift, Intensity Ratio -----------
ID w/w % ppm Concn
128 5 71.00 Not detected
56.70 4.0
129 14 71.98 17.6 1.26
56.75 29.6 2.11
130 18 72.22 34.9 1.94
56.94 51.1 2.84
Sample
ID
Concentration, 
w/w %
Chemical Shift, 
PPm
Intensity
Intensity
Concn
124 5 68.22 15.5 3.1
125 10 68.22 29.9 2.99
126 15 68.18 45.7 3.05
127 20 68.56 80.4 4.0
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TABLE: 6.4 (e) 
TAME
Intensity
Sample Concentration, Chemical Shift, Intensity Ratio -----------
ID w/w % ppm Concn
131 10 73.92 3.6 0.36
48.70 8.8 0.88
132 15 73.96 25.8 1.77
48.73 49.9 3.33
133 20 74.44 17.9 0.90
48.88 58.2 2/91
TABLE: 6.5 QUANTITATIVE RESULTS OF GASOLINE SAMPLES BY 13C
NMR
Sample
ID
Chemical Shift, ppm Intensity Calculated
Oxygenate
Supplier
Estimate
134 72.16 22.7
63.45 14.6 MTBE: 11.0 MTBE: 10.1
53.42 12.9 IPA: 4.5 IPA: 4.5
48.84 46.26
135 72.45 50.8
53.90 46.0 MTBE 20.0 19.8
49.30 86.4
136 57.88 84.9 ethanol ethanol 10.2
53.85 13.1
137 64 not detected Not detected —
54.20 77.38
138 72.85 10.16
64.04 40.33 IPA 5.8 IPA 4.6
53.86 22.3 MTBE 9.2 MTBE 10.5
49.32 28.1
139 72.40 57.2 MTBE 18.1 MTBE 20.1
53.86 14.6
49.28 92.1
140 68.90 123.0 DIPE: out of cal. range DIPE 20.0
141 72.43 25.36 MTBE 15.2 MTBE 18.3
53.89 50.6
49.32 62.14
142 72.41 16.4 MTBE 11.1 MTBE 12.0
53.90 53.10
49.31 40.40
143 72.31 9.511 MTBE 8.2 MTBE 11.5
53.67 24.5
49.22 27.1
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*
\
Sample
ID
Chemical Shift, ppm Intensity Calculated
Oxygenate
Supplier
Estimate
144 72.76 17.2 below NP's calibration 5.1
54.31 29.6 detection
49.93 10.5
145 72.42 52.2 MTBE 19.1 MTBE 19.8
53.89 18.8
49.30 82.8
146 72.38 20.5 MTBE 14.8 MTBE 15.6
53.89 43.6
49.30 59.9
147 72.00(weak) 16.48 evaporated
53.62 i
148 57.85 106.2 Ethanol Ethanol
53.83 23.7
149 72.40 24.88 MTBE 11.4 MTBE 10.1
49.28 42.9
150 57.84 57.4 Ethanol Ethanol
53.79 17.1
151 57.87 105.7 Ethanol Ethanol
53.82 19.8
152 72.36 18.84 MTBE 14.8 MTBE 13.4
49.23 59.79
153 72.39 23.9 MTBE 12.5 MTBE 13.1
53.84 8.9
49.27 55.7
154 57.43 81.62 Ethanol Ethanol
53.40 19.72
155 72.45 34.2 MTBE 18.1 MTBE 19.7
53.92 20.1
49.33 70.6
156 72.40 35.1 MTBE 18.1 MTBE 19.9
49.27 70.80
157 Not detected - evaporated -
158 72.35(weak) 18.5 evaporated 18.2
159 72.36 55.7 out of range 20.1
49.21 118.6
160 72.44 35.3 MTBE 19.5 MTBE 19.8
53.94 44.3
49.35 84.4
161 72.79 47.8 MTBE 17.7 MTBE 19.1
49.65 75.5
162 72.55 36.5 MTBE 21.4 MTBE 19.5
49.45 95.4
163 72.86 28.4 ETBE ETBE
54.37 48.7
164 89.88 9.561 2-methyl'-3-butyn 2-ol 5
71.15 30.0 +
69.83 44.1 sec-butanol 5
69.35 38.5
Standard solution,
165 containing 5% of 9
oxygenates
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As discussed in the previous chapters, this work's main objective was an evaluation of  
the relative strengths and weaknesses o f the different methods o f oxygenates analysis 
both qualitative and quantitative, which leads to the determination o f oxygen content. 
Although the main objective o f the analysis of oxygenates in gasoline is the 
determination of oxygen content present in the fuel, it follows that the correct 
identification of oxygenates in gasoline is o f prime importance for the- final 
determination of the oxygen content. As a result of this the discussion in this chapter is 
categorised according to the following sections:
1. Qualitative interpretation o f the identification o f oxygenates in fuel using
different methods.
2. Quantitative characterisation o f oxygenates in the samples o f gasoline.
3. Study o f the effect o f oxygenates in the improvement o f combustibility o f
hydrocarbon fuel such as diesel using Laminar Burner.
7.1 QUALITATIVE INTERPRETATION
7.1.1 GC, GC-MS & NMR
The techniques used for qualitative analysis were GC, GC-MS and Nuclear Magnetic 
Resonance (NMR). Discussion about the qualitative study of oxygenates in gasoline 
can be divided into the following sections.
Of prime importance in analytical chemistry is the correct identification o f the species 
of interest. In the identification o f oxygenates in fuel there are two factors to establish. 
First to identify if the fuel contains any additives, and then to distinguish the presence 
of oxygenates from possible hydrocarbon interference.
Therefore the qualitative interpretation o f the results is divided into two categories in 
this chapter:
1. Identification o f the presence o f  oxygenates from interfering hydrocarbons:
This problem was only experienced when using the GC (D 4815)method.
Of the conventional gasoline analysed some o f the samples were estimated nil oxygen 
content by the supplier. There were other cases where the specification was unknown.
7.
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An example of this is shown in sample 58, where the GC trace (D4815) showed the 
concentration of MTBE as 0.5 % v/v. Sample 58 was a conventional gasoline with a 
typical hydrocarbon mixture blend, and the supplier had stated that the specification 
was nil. Therefore it was assumed that the interfering component had to be from the 
hydrocarbon. This meant that the timing of the valve switching could not eliminate the 
hydrocarbon from the oxygenates GC trace. The nature of this problem was dependent 
upon the type of blend of base gasoline and also on the component present in the base 
gasoline.
After experiencing the uncertainty of whether MTBE was present or not, the GC-MS 
analysis was then carried out. The GC-MS trace chromatography for sample 58 
showed a peak with a peak number 219, although the typical peak number for MTBE 
is 224. However it had to be confirmed that the peak at 219 was not MTBE. 
Consequently the peak of 219 was searched on the NBS and Nina's spectral library. 
This showed the molecular ion for peak 219 belonged to molecular ion 43, whilst the 
molecular ion of MTBE is 73. To further ensure that MTBE was not present, a search 
was made for the peak referring to molecular ion 73. This showed a peak with a peak 
number 391, whilst the MTBE peak number is 224. Therefore by the use of GC-MS it 
was confirmed that there was no MTBE present in the sample.
Sample number 60 is another example of a gasoline sample not containing MTBE but 
GC (D4815) method showed MTBE trace. This sample was quite unusual and from 
the GC trace it was evident that this fuel was not a typical conventional blend of 
hydrocarbon mixture but similar to a pure compound. The GC trace was almost clear 
of any hydrocarbon interference, although a peak appeared at almost the same 
retention time as MTBE. This gasoline also had a strong odour similar to that of 
isooctane. The sample was then spiked with MTBE and it proved that there was no 
oxygenate present as the retention time for MTBE was 4.776, and the retention time of 
the unknown peak was 4.91.
The GC result of sample 8 showed 10v/v% ethanol as an oxygenate in the sample. 
However the GC trace also shows traces of 0.9 % v/v MTBE and 2.2 % v/v of 
ETBE. The GC-MS analysis was also carried out, and it proved there was no peak 
close to the ETBE peak which is 358, and with a typical base ion 59. However the 
GC-MS analysis showed MTBE trace level of 0.12 % v/v, which indicated possible
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impurity in the reagents. The presence of ethanol was confirmed as the peak at number 
119 and the molecular ion 31 was confirmed on the spectral library of the computer.
In this work two oxygenates, sec-butanol and ETBE, were mostly effected by 
hydrocarbon interferences using the GC method with the same retention time peak. 
Sec-butanol is not one of the most commonly used oxygenates in gasoline blending. 
However to confirm this interference the GC-MS correlation analysis was carried out 
and neither a peak number 337 nor a molecular ion of 45 were observed. Samples 19- 
22 were examples of this type of interference as demonstrated in Table: 7.1. However 
ETBE is a preferred oxygenate which can be used in gasoline blending. Due to possible 
hydrocarbon interference when using GC analysis extra care had to be taken in the 
identification of its presence. Hence GC-MS analysis was carried out and samples 
21,11 and 7 demonstrate this type of interference in Table: 7.1
2. Misidentification due to co-elution in GC analysis:
To distinguish between the correct and incorrect type of oxygenates present in a fuel is 
extremely important since misidentification could allow illegal fuels to qualify. This is 
relevant in the analysis of specialised fuels in which the co-elution of two different 
oxygenated compounds occurs. This is one of the most critical issues to be faced in 
this work. Although it was not a commonly occurring problem, nevertheless it posed 
the question as to whether the methods were capable of handling this kind of 
complicated gasoline analysis, thereby proving the weakness of using a single method 
in the analysis of oxygenated gasoline.
A typical example of this type of co-elution is apparent from sample 24 where the 
analysis by GC (D 4815) produced a chromatographic trace showing 2.2 % v/v of 
MTBE, which corresponded to the value gained from the GC-MS results. This GC 
trace also had a peak at the same retention time as that of sec-butanol which was a 
hydrocarbon interference.
However the main problem was the presence of a peak which was identified by the 
GC method (D4815) as being IP A, with the same concentration that could be obtained 
from the GC-MS technique. The GC-MS analysis proved that this fuel contained 
methyl vinyl ether (MVE) with the molecular weight of 58.08 and the molecular 
formula of:
CH2=  C H O C H 3
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rather than IPA. The fUel analysis in this work was very interesting since the total 
oxygenates obtained by GC quantitatively corresponded to the estimated value given 
by the suppliers. It also corresponded to the results by using the GC-MS technique. 
However what becomes more interesting is the significant amount of the fuel oxygen 
content present was in the form of the unsaturated oxygenate (methyl vinyl ether). This 
compound is not an accepted component in commercial gasoline and probably not 
acceptable to other controlling bodies.
Another example of this kind of misidentification is apparent from sample 94, where 
another type of unsaturated oxygenate co-elutes with a single bonded oxygenate. An 
example of this has been discussed in chapter three.
In general the misidentification of oxygenates in gasoline can lead to the determination 
of the wrong oxygen content value, due to the difference in the molecular weight 
which is used in the calculation. However in sample 24 the total amount of oxygenate 
obtained by GC method corresponded to what was expected. At the same time the 
calculated oxygen content by GC method also corresponded to the results obtained by 
the GC-MS technique, micro-elemental analysis and the supplier's estimate:
Oxygen content by GC (Method D4815)= 2.12 % w/w 
Oxygen content by GC/MS = 1.95 % w/w 
Oxygen content by micro analysis -  2.25 % w/w 
Upon comparison of the above results obtained by the different methods there appears 
to be no discrepancy, although there is a major problem with the quality of the fuel, 
which disqualifies this fuel from use in the commercial market.
Therefore gasoline samples 24 and 94 had been blended surreptitiously whereby the 
oxygen content of the molecules were almost identical, e.g. sample 24:
Oxygen content in one molecule of IPA= 16/60 = 0.27 
Oxygen content in one molecule of MVE = 16/58.08 = 0.28 
This shows that unsaturated oxygenate chosen for this purpose has a molecular weight 
similar to the co-eluting single bonded oxygenate. It is almost the same with sample 94 
where the
Oxygen content in one molecule of sec-butanol -  16/ 74 = 0.216 
Oxygen content in one molecule of 3-methyl-2-butyn-2-ol = 16/84. = 0.19 
The above discussion shows how easily the wrong fuel can become qualified, although 
the quantitative results appear to be acceptable.
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This shows a typical problem that could be encountered when relying on the results of 
one method.
Sample 94 was also analysed using the GC O-FID method and similar misidentification 
was experienced with the O-FID, since the retention times were overlapping and the 
calculated oxygen content results were the same as for the other methods.
In both samples the GC presented good quality chromatographic trace and also the 
elemental analysis results corresponded correctly to the estimated value. However as 
discussed earlier the fuel was not legally fit for commercial use.
From the above discussion it may be concluded that not all gasoline analysis can be 
considered as a routine type of analysis. This is particularly the case when faced with 
more complicated gasoline, although due attention has to be paid to all samples.
Gas chromatographic methods in general are suited for less complicated oxygenates, 
but alternative techniques need to be available to laboratories for comparison purposes.
7.1.2 LAMINAR DIFFUSION BURNER
This technique demonstrated how the sooting tendency in diesel fuel can be reduced 
with the addition of oxygenates, although it is of no use in the characterisation of 
oxygenates.
7.2 QUANTITATIVE CHARACTERISATION OF OXYGENATES IN 
GASOLINE SAMPLES
Quantitative analysis of oxygenates also can be a challenging task depending on the 
amount of oxygenate present in the fuel.
Efforts have been made to analyse the same samples using different methods and 
correlating them with each other. Table: 7.1, tabulates these comparisons.
This discussion can be divided into two parts
3. Samples of gasoline containing oxygen content below 2w/w%.
The concentration of oxygenates obtained from sample 36 using the three methods, 
GC, GC-MS and micro-elemental analysis showed all to have similar oxygen content 
results. The concentration of oxygenates results obtained by GC and GC-MS differed 
by 1.4%, which was due to the presence of ETBE. This is an example to show that the
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oxygen content results were reproducible using any of the three techniques. However 
the GC result which showed the ETBE presence in the fuel indicated it to be a different 
fuel. The reason that the three oxygen content results were very similar was due to the 
ETBE being a heavy molecular weight ether which holds less oxygen in each molecule 
(0.15). This 0.15 was within the tolerance range. Since the ETBE was not present in 
the fuel this was another example of the weakness of the GC(D4815) method.
The oxygenate present in sample 36 was only MTBE with a concentration of 5.3% v/v 
which produced 1.10% w/w oxygen content.
Some of the fuel such as sample 17, which contained oil, were problematic especially 
using the direct method of oxygen determination by micro-elemental analysis. This was 
due to two reasons:
The constituents of oil, being heavy, created more problems in combusting as 
oil had a much higher boiling point than gasoline and this can be also observed 
in the distillation from the amount of residue left, which is usually 
approximately 3 - 4  %v/v left indicating the presence of oil.
Presence of elements such as silicon and phosphorous, which can poison the 
platinised carbon, as discussed in the previous chapters.
However there were not many instances where the oil was added before the 
determination of oxygenates, since in most situations the oil is added afterwards. Every 
effort was made to ensure that the sample for analysis did not contain oil.
Conventional gasoline within the UK usually has no oxygenates, or oxygenates content 
and should not give more than 2.7 % w/w oxygen.
Sample 9 was an example of this type of fuel which contained MTBE. The results of 
this fuel analysis by GC (D 4815) showed the concentration of the MTBE as 9.0 % 
v/v. This gave an oxygen content of 1.62 % w/w, and by using the GC-MS it was 
9.8% v/v which the calculated oxygen by GC-MS gave 1.78%w/w oxygen and by the 
direct analysis of oxygen content using micro-elemental analysis gave a result of 
1.80 % w/w. This sample was a good example of correlation using the three methods.
In general the quantitative analysis was not a problem in this range using the GC, 
GC-MS methods, and also elemental oxygen analysis.
Sample 4 is another example of a good correlation of the three methods, where they 
produced an average result o f 2.5 % w/w.
4. Samples of gasoline containing above 2% w/w oxygen.
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The reason why the above categories are based on the amount of oxygen present rather 
than oxygenate, is that the concentration of the oxygenate is not the factor in 
determining the specification. However it is the oxygen content which determines the 
oxygenated fuels specification. For this purpose three samples of 8, 33, and 6 were 
compared with each other. All the three samples contained an average of 3.60 % w/w 
oxygen. Therefore they all fell under the same category for the oxygen level, although 
their composition varied greatly. Fuel number 8 only contained ethanol; this being a 
light alcohol and one molecule of ethanol contains 0.35 %w/w oxygen, although the 
concentration of the ethanol is only 10 %v/v. Therefore with less concentration of 
oxygenates the available oxygen in the gasoline is high, providing 3.55% w/w oxygen. 
Whilst fuel 33 contains 20.5 %v/v MTBE and still provides the fuel the same amount 
of oxygen due to the higher molecular weight. The same applies to sample 6, which 
contained a mixture of oxygenates, light alcohol EPA (MW= 60), heavy ether 
ETBE(MW= 102) and MTBE (MW=88.14) yet it still provides the same amount of 
oxygen to the fuel.
Sample 3 demonstrated a fuel containing TAME (MW= 102) with a concentration of 
22.0 % v/v in this fuel, that produced oxygen content of 3.50 %w/w.
Concerning sample 21, the GC-MS and micro-elemental analysis gave correlated 
results. The GC results once again showed trace of ETBE (0.97 %v/v)and sec-butanol 
( 4.41 %v/v ), which increased the amount o f oxygenates present in the sample of 
gasoline. However by establishing that there was no ETBE or sec-butanol present in 
the fuel, the results of the MTBE content in the fuel corresponded to the values 
obtained from the other two techniques.
This problem took the issue back to the hydrocarbon interference. However sample 2 
from the table showed results of the GC (D 4815), where there was no hydrocarbon 
interference and the quantitative results correlated well with other methods and also 
with the specification set by the controlling bodies.
The strength and weakness of the GC (D 4815) method Table 7.1 showed the 
weakness of the GC(D4815) method lying mostly in the qualitative identification, 
depending upon the gasoline blending or misidentification with other oxygenates. The 
hydrocarbon interference was not a consistent problem as it depended on the type of 
hydrocarbon present in the gasoline blending. The hydrocarbon interference was 
magnified when the concentration of oxygenate present in the gasoline was low so the
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results were more prone to error as the concentration of the oxygenate was low. In the 
absence of alternative methods such as GC-MS and the required sample specification is 
nil, the use of GC (D 4815) could mean the spec cannot be met. It is suggested that 
the micro-elemental analysis of carbon, hydrogen, and nitrogen can be used in order to 
determine the total carbon, hydrogen and nitrogen balance, where it can indicate the 
presence of oxygen if the balance does not reach one hundred per cent. This was put 
into practice in this work whenever such complications needed clarification. The 
results were only of a complimentary nature and never used for producing values. This 
type of work had played an important part in this research and in the industry where 
the author was engaged, since 0.5% of a difference can make a large differential in the 
price of the product. Obviously access to the GC-MS can immediately solve most of 
the problem since the advanced technique has the capability of dealing with more 
complex mixtures. The use of micro-elemental analysis was not applicable in this low 
concentration work as the author failed to obtain reliable results below 1.00%w/w 
oxygen.
In general, the micro-elemental analysis showed good results in the mid range, and 
when the concentration of oxygen content reached close to the upper limit then the 
repeatability of the results could be called into question as micro analysis is prone to 
contaminants, which could lead to erroneous results.
The author's own experience showed that micro-elemental analysis in fact can be 
considered as complementary alongside other techniques.
In the analysis of high concentration oxygenates when the specification indicated 
3.70w/w% oxygen content maximum, the results from direct analysis of the oxygen 
content by micro-elemental analysis.
Often the resolution of such interference can only be reliably achieved by a 
combination of other techniques like GC-MS or direct elemental determination.
GC-MS was found to be superior to both GC methods, as discussed earlier. However 
it should be born to mind that the GC-MS analysis results are dependent upon the 
operating condition of the instrument such as the amount of vacuum, the condition of 
the source, and the quality of the analyte, all of these effecting the abundance of 
different ions.
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7.3 RECOMMENDATIONS
a) Changes in the formulation of fuels are occurring at an ever increasing pace. It is 
clear that no single method is suitable for the complete characterisation of this very 
wide range of fuels and in the commercial and specialised (racing) fields
b) However, combinations of techniques are of value in the complete characterisation 
of such fuels.
c) For routine (e.g. unleaded) conventional fuels GC could be the first technique to be 
tried, since most oxygenated additives are well characterised and spiking can be used 
to differentiate between oxygenates and interfering hydrocarbons. As a double check 
elemental analysis can be used to confirm the overall level of oxygen present. For fuels 
with no (or very low) oxygen levels, CHN analysis could be of value.
d) For specialised fuels, as used in racing, more stringent regulatory requirements apply 
and it is essential to identify all the oxygenated additives as well as their concentration 
level, so as to identify attempted adulteration of the fuel. For these the use of GC-MS, 
possibly in combination with micro-elemental analysis is recommended. NMR is a 
valuable technique for the characterisation of oxygenates in fuels but since it is an 
expensive instrument it is not therefore generally available for regular use.
The author would like to conclude this thesis by stating it is essential that any fuel used 
for analysis must be suited for the technique and, conversely, the technique must be 
suitable for the fuel.
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